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Preface

The lymphatic system has a fundamental role in interstitial fluid drainage, but it also
has important immune functions. The lympbhatic system carries lymph through a
network of lymphatic channels (capillaries and vessels), then the lymph is filtered by
lymph nodes and returned to the bloodstream, where it is eventually eliminated.

Notably, the lymphatic system also has a critical role in a clinical context: the inflam-
mation of lymphatic vessels and lymph nodes may represent an indicator of pathology.
The lymphatic and vascular systems have numerous connections and tumor cell
metastasis may pass from one circulatory system to the other.

This book presents a comprehensive overview of the lymphatic system, including but
not limited to the human anatomy of the lymphatic system and its involvement in
health and disease conditions. It clarifies the anatomy of the human lymphatic system
to help identify and develop novel therapeutic approaches focused on lymphatic
system response.

The editors would like to thank all the authors who contributed to the success of this
book and the staff at IntechOpen for their valuable and constant support.

Gaia Favero, Ph.D.

Anatomy and Physiopathology Division,
Department of Clinical and Experimental Sciences,
University of Brescia,

Brescia, Italy

Luca Facchetti, MD

Department of Radiology 1st Division,

Territorial Social Health Authority (ASST) of the Civil Hospitals of Brescia,
Brescia, Italy






Chapter1

Introductory Chapter: Lymphatic
System Human Anatomy

Luca Facchetti and Gaia Favero

1. Introduction
1.1 Lymphatic system human anatomy

The lymphatic system modulates the interstitial fluid volume through a one-way
transport system. The residual interstitial fluid is a carriage from the soft tissue inter-
stitial space into the venous circulation through specific lympho-venous connections
[1, 2]. Along with the excess interstitial fluid, redundant proteins and “waste” are
transported back to the bloodstream by the lymphatic system. In detail, the lymphatic
system via a network of lymphatic channels transports through lymph nodes the
interstitial fluid, which is defined as lymph when it is inside the lymphatic channels
network, and discharges it into the blood circulation [3-5]. Lymph nodes filter the
interstitial flow and break down bacteria, viruses, and other cells and molecules.

The lymphatic system is also important in immune surveillance defending the body
against microorganisms and foreign particles. The lymphatic system encourages the
immune response [2, 6, 7]. The lymphatic system is, therefore, strictly correlated

to the circulatory system and immune system, but not only. In fact, the lymphatic
system has also an important role in the absorption of fat-soluble vitamins and fatty
substances at the gut level, through gastrointestinal tract’s specific lymphatic capil-
laries called lacteals, so dietary fat is transported into the venous circulation [1]. In
addition, lymphatic vessels were recently identified in the brain meninges and the
meningeal lymphatic network is fundamental for the removal of toxins and also in
draining cerebrospinal fluid and immune cells from the central nervous system to the
peripheral lymphatic system [3, 8].

The lymphatic system is a highly complex system with a variable structure and
function between anatomical sites and between species. In humans, the lymphatic
system includes lymphatic capillaries, lymphatic vessels (afferent and efferent),
lymph nodes, and various lymphoid organs (such as the thymus and spleen) [2, 6, 9].

In this introductory chapter, we will focus our attention mainly on the description
of the hierarchy lymphatic channels network (lymphatic capillaries and lymphatic
vessels).

The organization of lymphatic networks within various organs depends on the
functional demands of the organ itself, leading to both common and unique morpho-
logical features of the lymph-venous connections and lymphatic channel network
[3, 10]. Interstitial fluid comes out of the blood capillary walls due to heart and/
or cell osmotic pressure and enters the lymphatic system through small and blind-
ended lymphatic capillaries. These capillaries, defined as initial lymphatics, form
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a mesh-like network and gradually increase their diameter becoming pre-collector
vessels, collector vessels, lymphatic trunks, and finally ducts. When soft tissue
interstitial pressure increases, the interstitial fluid enters into the lymphatic capillar-
ies through openings in the endothelial layer; whereas, when the pressure inside the
lymphatic capillaries rises, the interstitial fluid entering flow is stopped. Lymphatic
capillaries are tiny, thin-walled, and blind-end channels that present a larger diameter
with respect to blood capillaries. In addition, the lymphatic capillaries are dissipated
among blood capillaries to facilitate interstitial fluid collection by the lymphatic capil-
lary network. The lymphatic capillaries endothelial cells overlap but shift to open the
capillary wall when interstitial fluid pressure is greater than intra-capillary pressure
so permitting interstitial fluid, lymphocytes, bacteria, cellular debris, plasma pro-
teins, and other cells to enter the lymphatic capillaries [3, 6, 11]. The interstitial fluid
inside the lymphatic channels network is defined as lymph. Lymph is composed of
interstitial fluid with variable amounts of lymphocytes, monocytes, plasma proteins,
and other cells. Lymph formation is organ-dependent and it is correlated to the vari-
ous organs/tissues morphostructural properties [2, 6].

The lymphatic capillaries form large networks of channels called lymphatic
plexuses and converge to form larger lymphatic vessels. Collecting vessels are further
divided into afferent (pre-nodal) and efferent (post-nodal) vessels depending on
their location relative to lymph nodes. Afferent lymphatic vessels transport the unfil-
tered lymph from tissues to the lymph nodes and efferent lymphatic vessels convey
filtered lymph from lymph nodes to subsequent lymph nodes or into the venous
system [6]. Lymph flow generally occurs against a pressure gradient and therefore
requires both extrinsic forces, such as skeletal muscle movement and arterial pulsa-
tions, and intrinsic forces exerted by lymphatic vessels. In fact, the lymph is pumped
slowly by the contraction of the lymphatic vessels [2, 3, 12]. To prevent lymph flow
backward, collecting lymphatic vessels and larger lymphatic vessels presented a
series of one-way valves; notably, the one-way valves are not present in the lymphatic
capillaries. These lymphatic valves help the advancement of lymph flow through the
lymphatic vessels.

The anatomical structure of each component of the lymphatic vessel network and
its surroundings contribute to its function. Figure 1 reported a schematic representa-

tion of the lymphatic channel network.

The lymphatic channels gradually increased their diameter becoming finally the
main lympho-venous connection: the thoracic duct and the right lymphatic duct.

The right lymphatic duct is responsible for draining the lymph from the upper right
quadrant of the body (the right side of the head, neck, thorax and the right upper
limb) into the venous circulation at the junction between the right subclavian vein
and the right internal jugular vein. The right lymphatic duct is formed generally by
the convergence of the right bronchomediastinal trunk, jugular trunk, and subclavian
trunk [6]. However, it is important to underline that its origin and ending presented a
changeable anatomy and morphology.

The thoracic duct, also known as the left lymphatic duct or van Hoorne’s canal,
drains the lymph of the body except for the territory drained by the right lymphatic
duct so it drains lymph from 80% to 90% of the body. The thoracic duct is a thin-
walled tubular lymphatic vessel (with 2-6 mm in diameter). The thoracic duct is the
largest and longest lymphatic duct in the body. This duct drains lymph at the junction
between the left internal jugular vein and the left subclavian vein [1, 2]. The thoracic
duct presents a high anatomical variability, but it typically arises in the abdomen as

2



Introductory Chapter: Lymphatic System Human Anatomy
DOI: http://dx.doi.org/10.5772/intechopen.1004116

Endothelial cell

Figure 1.

Schematic representation of the lymphatic channel network showing lymphatic capillaries and vessels. The
yellow arrows represent the divection of lymph flow inside the lymphatic channels and the black arrows show the
interstitial fluid entering the lymphatic vessels.

cisterna chyli, which is an expanded lymphatic sac that forms at the convergence of
the intestinal lymphatic trunk and lumbar lymphatic trunk. The cisterna chyli is at
the level of the 12 thoracic vertebrae (T12) [13]. Notably, the cisterna chyli is pres-
ent in approximately 40-60% of the population and in people without this cisterna
the intestinal and lumbar lymphatic trunks communicate directly with the thoracic
duct [14]. From the cisterna, the thoracic duct ascends running to the right of the
body midline and posterior to the aorta and it enters the thorax via the aortic hiatus.
The thoracic duct then rises in the thoracic cavity anteriorly and to the right of the
vertebral column, between the aorta and azygous vein. At about the level of the fifth
thoracic vertebra (T5), the thoracic duct crosses to the left of the vertebral column
and posterior to the esophagus. Finally, it ascends vertically and then releases the
drained lymph in the venous circulation [6, 15, 16].

There is so a continuous and dynamic exchanging circulation of extracellular fluid
passing back and forth from the bloodstream to the tissues and lymphatic system.
The occlusion of the lymphatic vessels downstream may promote the opening of new
lympho-venous connections, resulting in anatomo-morphological changes relevant in
both health and disease states [1, 5, 12].

2. Conclusion

The lymphatic system has a fundamental role in extracellular fluid drainage, but
it has also important immune functions. The lymphatic system has also a critical role
in a clinical context, because the lymphatic and vascular systems have numerous con-
nections, and tumor cell metastasis may pass from one circulatory system to the other.
The lymphatic system is a highly complex and dynamic system and the lymphatic
system of human anatomy is fundamental to modulate pathological changes which
are relatively unknown, but fundamental in clinical practice.
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Chapter?2

Bone Marrow Lymphocytes’
Development and Dynamics

Samia Hassan Rizgk

Abstract

The bone marrow (BM) is an integral part of the immune system that commu-
nicates with other immune tissues via the bloodstream but does not have lymphatic
vessels. It is the primary site of lymphopoiesis, where B cells and early T-cell progeni-
tors develop, from late fetal life onwards, and a secondary lymphoid organ for B
lymphocytes. At the same time, it regulates the function and dynamics of the immune
system in a steady state and disease conditions. Activating and inhibitory signals from
various marrow elements regulate the traffic of lymphocyte subtypes (B, T, and NK),
including direct cell contact and released factors from stromal cells. This chapter is
areview of the life cycle and dynamics of lymphoid cells in health and representa-
tive immune-associated disorders. Understanding the central bone marrow’s role
may clarify the pathologic changes and open potential therapeutic channels in some
disorders.

Keywords: lymphopoiesis, bone marrow niche, lymphocyte function regulation, bone
marrow lymphocyte types, bone marrow immune role in disease

1. Introduction

Both hematopoietic and lymphoid systems arise in the bone marrow from the late
fetus and prevail throughout life with a finite control by lineage-specific and broadly
acting biological factors and a homeostatic signaling network, allowing sensitive
responsiveness to fluctuating body needs [1]. The complex functional structure of the
bone marrow exhibits age and context adaptation [2].

The bone marrow (BM) is a central immune organ that does not have lymphatic
vessels but communicates with other lymphoid tissues via the bloodstream. It is
also a secondary lymphoid organ for mature B cells. It differs from other immune
organs in lacking a fixed lymphocyte organization but contains interstitially scat-
tered cells within its parenchyma, sometimes, forming small aggregates, especially
in the elderly. In the bone marrow, regulatory cells and short- and long-acting
signals orchestrate the immune system and critically underlie the pathogenesis of
many reactive and neoplastic conditions [1]. This chapter reviews the bone marrow
structure and function as a part of the immune system, including the following
three sections:
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1.Bone marrow lymphopoiesis: ontogeny and maturation
2.The milieu and kinetics of bone marrow lymphoid elements

3.Dynamics of BM lymphoid cells in health and disease

2. Bone marrow lymphopoiesis: ontogeny and maturation

The hematopoietic marrow extends throughout the medullary bone cavities of the
body from the late fetus along the life span, gradually contracting toward the axial
skeleton with age. In these locations, interaction with a complex connective tissue
stroma with cellular and extracellular matrix components is critical for support-
ing and regulating proliferation, maturation, maintenance, senescence, and final
destruction of hematopoietic elements.

Stromal elements comprise bone, vasculature, and a network of mesenchymal
and reticular cells, critical for bone marrow functioning. Other elements include
sympathetic and parasympathetic innervation, adipocytes, resident macrophages [3],
neutrophils [4], megakaryocytes [5], T lymphocytes, and dendritic cells (DCs). The
extracellular matrix of macromolecules, including fibronectin, vitronectin, collagens
(types: L, I1, IV, and VI), and proteoglycans, forms an integral part of the hematopoietic
stem cell (HSC) microenvironment. Specific HSC niches refer to the arrays of stromal
cells, specific locations, soluble molecules, signaling cascade, and gradients, together
with the shear stress, temperature, and oxygen tension, which determine the stem cell
behavior at any given time [6]. The niche dynamics promote specific HSC properties
such as; quiescence, self-renewal, and proliferation. In contrast to other organs, the bone
marrow has no clear demarcation by distinct cell density or stromal cell distribution.

Both hematopoietic and lymphoid progenitors have a common origin from
pluripotent CD34+ stem cells (multipotent progenitors (MPPs)) in the bone marrow.
Lymphoid lineages originate from a common progenitor with the central control
of the Ikaros gene; a zinc finger gene encoding DNA-binding protein transcription
factor, which plays crucial functions in hematopoiesis and regulation of immune cell
development. Along with other transcription factors, it also regulates the expression
of other genes influencing the phenotypic characteristics of lymphocytes, including
immunoglobulin heavy and light chain gene rearrangement, and cluster of differen-
tiation 3 (CD3) complex antigen receptors.

After an initial commitment, T-cell precursors migrate to the thymus, while B-cell
progenitors complete their primary maturation in the bone marrow. Figure 1 outlines
the central and peripheral compartments, and stages of lymphopoiesis [7]. Receptor
gene recombinations occur along B- and T-lymphocyte differentiation before emi-
grating to the peripheral lymphoid tissues or the peripheral blood [1].

2.1 B-cell maturation
2.1.1 Primary B-cell maturation

Primary B-cell maturation proceeds through four main stages; pro-B, pre-B,
immature B cells, and mature B cells [8], with an essential requirement for stromal
interaction by direct cell contact and released growth factors [9]. Direct contact of
pro-B cells with stromal cells occurs via V and LA-4/M1, and then c-kit receptor/
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Figure 1.

Sc%ematic representation of the central and peripheral compartments of lymphoid differentiation: Panel a:
Development of the immune system from stem cells in bone marvow, and diffeventiating in central lymphoid
tissues (bone marrow and thymus) is independent of antigen contact. Panel B: Migration of cells into peripheral
lymphoid tissues (lymph nodes, spleen, and mucosa-associated lymphoid tissues) is antigen-dependent [7].

stromal cells-stem-cell factor interaction initiates B-cell division and interleukin-7
(IL-7) receptor expression. Eventually, the downregulation of adhesion molecules
releases the B cells.

The recombination of heavy chain variable gene region segments marks the pre-B cells
[10]. The next stage of immature B cells expresses membrane immunoglobulin M (IgM).

B cells recognizing self-antigens undergo apoptosis and the surviving cells dif-
ferentiate along two subpopulations: Bl cells expressing CD19+, CD5+, and sIgM+,
and B2 cells expressing CD19+, sIgM+, and sIgD +. Both subtypes migrate into the
peripheral lymphoid organs [10].

2.1.2 Secondary B-cell diffeventiation

In peripheral lymphoid organs, B-cell differentiation is antigen-driven with
regulation by sequentially acting transcription factors that induce initial upregulation
of PAXS, IRF8, and BACH2 genes, followed by IRF4, XBP1, and BLIMP1 genes [11]. In
parallel with these changes, B cells express stage-specific markers, including cluster of
differentiation 27 (CD27), cluster of differentiation 38 (CD38), and cluster of differ-
entiation 138 (CD138), with simultaneous downregulation of the B-cell markers such
as cluster of differentiation 19 (CD19) and cluster of differentiation 20 (CD20).

In the germinal centers, signals from the helper T cells activate B cells that pro-
liferate, undergo somatic hypermutation, and finally generate memory B cells and
long-lived plasma cells [11].
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Although B-cell development is conceptually unidirectional, recent evidence
suggests a possible phenotypic “reflex” from immature to pre-B cell subsets, probably
through receptor editing, though the existence of multiple differentiation pathways is
also possible [12].

2.1.3 The plasma cell stage

The maintenance of plasma cell survival in the bone marrow depends on stromal
cell signals, and cytokines, including megakaryocyte proliferation-inducing ligand-
APRIL and interleukin-6 (IL-6) [13], eosinophils APRIL and IL-6, [14], and mono-
cytes APRIL [15], while the granulocyte colony-stimulating factor (G-CSF) mobilizes
plasma cells [16].

2.2 T-cell maturation

After a short bone marrow phase, cytokines and major histocompatibility complex
class I or II (MHC-I or II) on thymus epithelium promote the differentiation of T pre-
cursor cells into T-central (Tc), regulatory T cells (Treg), and T helper (Th) subpopu-
lations, while those with self-specific T-cell receptor (TCR) undergo apoptosis [17].

Bone marrow T cells contribute to immune homeostasis where IL-7, interleukin-15
(IL-15), and tumor necrosis family (TNF) family members activate CD8+ T cells.
Priming of naive CD4+ and CD8+ T cells may occur in response to bloodborne anti-
gens presented by bone marrow dendritic cells (DCs) and other myeloid elements.
Survival of memory CD8+ and CD4+ T cells in the bone marrow requires IL-7 and
IL-15, and Major Histocompatibility Complex (MCH) and IL-7, respectively [17].

At least two memory T-cell niches sustain the viability and functionality of CD4+ T
cells [17], similar to the hematopoietic stem cell niches [18]. CD45RA memory T cells
include CCR7+ (central memory cells) and CCR7 effector memory cells [19], while
noncirculating cells constitute “Tissue-resident memory T cells (Trm cells)” [18].

2.3 Natural killer cells

Natural killer (NK) cells develop from bone marrow CD34+ stem cells and
undergo similar maturation stages to other lymphoid cells, but lack antigen-specific
receptors. They express receptors for activating cellular killing and other receptors
recognizing self-MHC alleles that inhibit the killing of normal cells. NK cells have
the appearance of large granular lymphocytes with neither T- nor B-cell antigens
and do not express cluster of differentiation 16 (CD16) and cluster of differentiation
56 (CD56) (an NK-specific adhesion molecule), helping their identification in the
peripheral circulation [1].

2.4 Regulation of bone marrow lymphopoiesis

In the bone marrow, lymphopoiesis shares a common perivascular niche with myelo-
poiesis with several niche factors regulating their maturation and functions, including
adipocytes [20], regulatory T cells (Tregs) [21], monocytic cells, mesenchymal cells
[22], and nerves [23]. External signals also contribute to lymphocyte regulation such
as sex steroids. This arrangement allows a versatile hemopoietic response under stress
conditions, related to competitive and differential requirements for cytokines such as
C-X-C motif chemokine ligand 12 (CXCL12) and stem cell factor (SCF) [24].
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Bone marrow stromal cells maintain the survival and function of B lymphocytes,
long-lived plasma cells, and memory T cells. They also release inhibitory factors such
as transforming growth factor-p (TGF-f) and hepatocyte growth factor (HGF). In
steady states, resident, low-migrating mature cluster of differentiation 19 (CD19)-
negative plasma cells are the major B-cell component in the bone marrow. During an
immune response, CD19+ plasma cells predominate [25]. Reciprocally, activated T
cells secrete cytokines that promote the terminal differentiation of myeloid precur-
sors. Unlike hemopoietic cells, plasma cells do not have fixed anatomical niches in
the bone marrow [26], but receive supporting signals from many cells, including,
CXCL12-producing mesenchymal cells [27], granulocytes, megakaryocytes, and
myeloid cells [13]. Additional factors influencing plasma cell kinetics include mega-
karyocyte proliferation-inducing ligand APRIL and IL-6 [14], eosinophils APRIL and
IL-6 [13], and monocytes APRIL [15]. On the other hand, G-CSF mobilizes plasma
cells [16].

3. The milieu and kinetics of BM lymphoid elements

The bone marrow hosts a mixture of mature lymphocytes in specific niches,
which promotes their long-term survival, including B, T, and NK cells [28]. It harbors
about 12% of all lymphoid cells in the human body at any given time. Most T cells are
recirculating from peripheral lymphoid tissues including memory CD4" and CD8*
cells. Plasma cells similarly migrate into the bone marrow where they reside by losing
response to CXCL12 and C-X-C motif chemokine ligand 9 (CXCL9) signals [25].

In normal adults, bone marrow lymphocytes range between 10 and 20% of cel-
lularity; the majority are small cells, resembling those in the peripheral blood, and
scatter interstitially with occasionally small aggregates, especially in the elderly. They
comprise a mixture of B, T, and NK cells with their subtypes. T cells are the predomi-
nant lymphocytes in the bone marrow with a T-to-B lymphocyte ratio of 4 to 1. The
CD4+ to CD8+ ratio is 1:2; the reverse of that in the peripheral blood.

3.1 The bone marrow lymphocyte mix
3.1.1 Bone marvow, B lymphocytes

The bone marrow is the site for B lymphopoiesis throughout life. Early stages of
B-cell maturation prevail during fetal life, whereas mature B cells predominate in
adults [26]. In infants and young children, the marrow has a higher percentage of
lymphocytes (up to 50% of cellularity), including a proportion of larger lymphocytes
with immature morphology (hematogones) that represent lymphoid progenitors and
decrease with age [27]. The bone marrow has a higher proportion of IgM- than IgG
(immunoglobulin G)-bearing B cells, which is the reverse of the peripheral blood
[28]. They also express lower levels of peanut agglutinin (PNA) relative to germinal
centers or circulating memory B cells [26].

In the adult bone marrow, most B cells have prior activation in germinal centers
of peripheral lymphoid tissues, evidenced by somatic hypermutation, isotypic
diversification, and antigen selection. Those expressing IgM lack cluster of differ-
entiation 10 (CD10), lower cluster of differentiation 24 (CD24), and co-expression
of immunoglobulin D (IgD), which differentiate them from the iz situ-generated
immature B cells [26].
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3.1.2 Bone marrow, plasma cells

Plasma cells are terminal, nonproliferative B cells that develop through T-cell-
dependent or -independent pathways [29]. A continuum of plasma cells’ maturation
stages ranging from the less mature, proliferative short-lived (CD138+ B220+ or
plasmablasts), to the mature long-lived PCs (LLPCs) are present. The latter make up
more than 50% of total bone marrow plasma cells [29].

Factors maintaining survival of plasma cells in the bone marrow include
membrane-bound ligands like cluster of differentiation 80 (CD80) and secreted
proteins such as APRIL, interleukin-6 (IL-6), B-cell activating factor (BAFF),
and CXCL12 (or stromal cell-derived factor-1 (SDF-1)) [30]. In Giemsa-stained
marrow, plasma cells are scattered singly or in small groups representing about 2%
of cellularity in normal adults. In biopsy sections, they appear close to capillaries
[27]. They have a unique migration pattern with alternating high motility and low-
rate migration or arrest, closely linked to their survival [29]. APRIL-secreting cells
dynamically coalesce and recruit migrating plasma cells into clusters and release
signals that promote the overall motility of plasma cells [31], and enhance their
fitness and survival [29]. Other factors enhancing plasma cell motility include
CXCL12 and its receptor C-X-C motif chemokine receptor 4 (CXCR4), fibronectin,
and intercellular adhesion molecule 1 (ICAM-1) ligand [32]. While very late anti-
gen-4 (VLA-4) and vascular cell adhesion molecule-1 (VCAM-1) binding promote
cell arrest and tight adhesion, blocking either pathway leads to egress of plasma
cells [29].

3.1.3 Bone marrow T lymphocytes

Mature T cells in the bone marrow are in constant exchange with the blood and
make up a part of the total body recirculating lymphocyte pool that also includes
the thoracic duct, spleen, and lymph nodes [28]. In the absence of ongoing immune
responses or inflammations, homing to the bone marrow is a “default” pathway for
the maintenance of recirculating memory T cells.

Regulation of bone marrow T-cell niches differs between steady-state condi-
tions, immune response, and different disease states. Recirculating T lymphocytes
compete with resident T cells for the same niche locations in the bone marrow [17].
The proliferation rates of cluster of differentiation 4 (CD4) and cluster of differen-
tiation 8 (CD8) T cells are higher in the bone marrow than in the spleen and lymph
nodes. T cells in the bone marrow have high expression of CXCR4, C-C chemokine
receptor type 5 (CCR5), C-X-C motif chemokine receptor 6 (CXCR6), and C-X3-C
motif chemokine receptor 1 (CX3CR1), but not of C-X-C motif chemokine receptor
3 (CXCR3). They respond to inflammatory chemokines, including C-C motif chemo-
kine ligand 3 (CCL3), C-C motif chemokine ligand 4 (CCL4), C-C motif chemokine
ligand 5 (CCL5), C-X-C motif chemokine ligand 16 (CXCL16), and C-X3-C motif
chemokine ligand 1 (CX3CL1).

The recirculation of CD8 T cells involves rolling in bone marrow microvessels
through L-, P-, and E-selectins. They stick to endothelial cells by the lymphocyte
integrin a4f1, activated by SDF-1 (CXCL12) and the endothelial adhesion molecule
VCAM-1. Modulating the expression of T-cell receptor CXCR4 by antigen, interleukin
(IL)-2, and tumor necrosis factor (TNF) promotes the directed motility of T cells
[17]. Granulocyte colony-stimulating factor (G-CSF) mobilizes regulatory T cells
from the bone marrow.
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3.2 T lymphocytes networking with other bone marrow elements

In the bone marrow, T lymphocytes contribute to the homeostasis of hemato-
poiesis and bone. T cells act mainly on the proliferative/differentiation phase of
myelopoiesis rather than the stem cell maintenance and the bone remodeling system
[18]. Many of the molecular signals in the immune response also contribute to bone
homeostasis. Examples of osteoclast activators include interleukin-17 (IL-17) and
receptor activator of nuclear factor kB ligand (RANK-L), expressed by activated CD4
and CDS8 T cells. On the other hand, interferon-y (IFN-y) and interleukin-4 (IL-4)
released by T cells inhibit bone resorption [17].

4. Dynamics of bone marrow lymphoid cells in health and disease

Bone marrow lymphocytes have central roles in many physiological and
pathological processes. Memory B cells contribute to long-term antibody produc-
tion, inflammations, tissue repair, and bone metabolism. T cells interact with other
marrow elements and modulate their functions such as mesenchymal stromal cells,
osteoclasts, osteoblasts, and hematopoietic precursors [17].

The lymphocyte traffic, which maintains homeostasis of the immune system,
requires spatial and functional versatility. The cellular redistribution of mitochondria
is an important factor in regulating these mechanisms permitting the motility of
emigrating cells [33].

4.1 Aging

Aging alters basic cellular mechanisms leading to genomic instability, telomere
shortening, epigenetic dysregulation, and cellular senescence, all contributing to a
deranged hematopoiesis and immune system and increasing inflammatory diseases in
the elderly. Common effects include reduced B cells and their subsets and impairment
of antibody responses. The reduced generative capacity and altered microenviron-
ment reduce HSC self-renewal and their preferential differentiation toward myeloid
cells, B-1 and B-2 subsets, and regulatory B cells (Bregs), naive T cell, production
with an increase in regulatory T cells (Tregs) [34].

Inflammatory changes in aging convert myeloid cells into pro-inflammatory 4-1BB
ligand (4-1BBL)-expressing cells, leading to the activation of CD8+ T cells secreting
antitumor granzyme B. The reduction of B-cell subsets suppresses antibody affinity
and diversity and impairs antibody responses, with the expansion of age-related B
cells (ABCs) contributing to inflammation via pro-inflammatory T-cell activation
and cytokine release [34]. The downregulation of XBP-1 and B-lymphocyte-induced
maturation protein-1 (Blimp-1) transcription factors, and upregulation of the plasma
cell-inhibiting factor PAX-5, reduce B1 and spontaneously IgM-secreting B-1 cells and
their diversity in the elderly.

On the other hand, the reduced E47 messenger RNA (mRNA) stability and
activation-induced deoxycytidine deaminase (AID) transcription inhibit B-2 cell
functions and isotype switching [34]. ABCs uniquely express cluster of differentia-
tion 11b (CD11b), cluster of differentiation 11c (CD11c), and T-bet, and respond to
innate activation stimuli, such as toll-like receptor 7 (TLR7) signals. They also secrete
autoreactive antibodies and anti-inflammatory cytokine interleukin-10 (IL-10),
reflecting their primary immunoregulatory function. They have distinct subsets that
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vary with extrinsic factors, such as age and antigen load. A major subset is a T-bet
expressing TH1 cells that expand in response to innate stimuli, such as TLR7 and toll-
like receptor 9 (TLR9) ligands. T-bet expression by B cells promotes immunoglobulin
G2a (IgG2a) antibody isotype switching. A smaller subset is T-bet negative expressing
C-X-C Motif Chemokine Receptor 5 (CXCR5) and it causes higher levels of immuno-
globulin G1 (IgG1). Double-negative memory B cells may represent an intermediate
stage from ABC to plasma cells. The age-related adipose-resident B cells (AABs)
express pro-inflammatory markers [34].

4.2 Modulation of hematopoiesis in inflammatory conditions and infections

Significant alterations in leukocyte production occur in many inflammatory
conditions, with an increase in granulopoiesis at the expense of lymphopoiesis.
The mechanisms underlying such alterations are mostly due to modulation of the
bone marrow microenvironment by stress signals and reduction of growth and
retention factors, particularly stem cell factor and CXCL12, which preferentially
inhibit lymphopoiesis [24]. However, overstressing hematopoietic stem and
progenitor cells (HSPCs) in chronic inflammation leads to cell (DNA) damage
and bone marrow failure. Furthermore, toxic insults to bone marrow stroma,

e.g., chemotherapy may result in clonal hematopoiesis and potentially malignant
transformation.

Figure 2 represents the inflammatory bone marrow microenvironment and its
consequences [35]. An inflammatory microenvironment changes mesenchymal
stem cells (MSCs) into an inflammatory, secretory phenotype, e.g., nestin’, Glil®,
and leptin-receptor+ (LepR) cells with the release of pro-inflammatory signals
that alter the HSC niche and the erythroid precursors. Consequently, alterations
in HSC function and output, including myeloid cell expansion, innate immune
cells’/myeloid-derived suppressor cells’ (MDSCs’) recruitment, increased platelets’
release by megakaryocytes and decreased the development of lymphoid cells.

The impaired erythroid differentiation accounts partially for the associated anemia
and the macrophage inflammatory phenotype further contributes to microenviron-
ment inflammation. Adipocytes also increase with the release of inflammatory
signals [35].

Bone marrow T cells can also modulate hematopoiesis in inflammatory condi-
tions. At low neutrophil counts, interleukin 23 (IL-23) released by macrophages and
DCs stimulates CD4 T cells, gamma delta T cells (yd-T cells), and NK cells, produc-
ing IL-17, which promotes granulopoiesis. At high neutrophil counts, inhibition of
interleukin-23 (IL-23) by apoptotic neutrophils results in negative feedback [17].
Sometimes, the bone marrow is the target of effector T cells, such as in hematologi-
cal malignancies, idiopathic thrombocytopenic purpura (ITP), and autoimmune
diseases [17].

The brief neutropenia occurs early in sepsis and rapidly corrects by accelerated
cell emigration and reactive neutrophilia follows mainly due to increased immature
proliferative compartment of granulopoiesis. Immature neutrophils in the bone mar-
row also become resistant to inflammatory signals [24]. An early onset lymphopenia,
characteristic of sepsis, is mainly due to massive lymphocyte apoptosis primarily
of CD4+ T cells by activation of multiple cell death pathways [18]. Inflammatory
cytokines also promote lymphocyte mobilization [24]. Homing and proliferation
of CD4+ memory T cells occur in response to IL-7 at resolution of sepsis-induced
lymphopenia.
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Figure 2.

The inflammatory bone marrow microenvironment. An inflammatory bone marrow microenvironment
develops when MSCs acquire an inflammatory, secretory phenotype such as nestin+ (Nes+), Gli1+, leptin-
receptor (LepR+) cells and release pro-inflammatory signals affecting both the HSC niche and the erythroblastic
islands [35].

4.3 Leukocyte dynamics in stroke and stress conditions

Stroke and stress often induce lymphopenia and immunosuppression while
increasing myeloid cells.

Lymphopenia affects the entire B-cell lineage, including B-cell progenitors in the
bone marrow, due to reduced proliferation and differentiation, and enhanced apop-
tosis. Lymphopenia in these cases is due to the hypothalamic-pituitary-adrenal (HPA)
axis action via glucocorticoid receptors on hematopoietic cells. Both long-range and
local microenvironmental signals link the neuroendocrine system to emergency
hematopoiesis and impair the lymphopoiesis. The neutrophil-to-lymphocyte ratio in
peripheral blood is a prognostic indicator that defines poor long-term outcomes in
these patients [36].

Cell death and release of danger-associated factors, such as high mobility group
box 1 (HMGB-1) and heat shock proteins (HSPs) in ischemic injuries, provoke
an inflammatory response. In addition, systemic glucocorticoid levels caused by
activation of the sympathetic nervous system (SNS) and the HPA axis increase the
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apoptosis of B-cell progenitors [37]. Furthermore, altered lineage decision of HSCs in
ischemia is due to sympathetic signals to stem cell niches, favoring myelopoiesis.

4.4 Hematopoietic stem cell engraftment

In steady states, lymphocyte homeostasis is maintained by balancing produc-
tion and lifespan rates. A full recovery of T cells is often slow after autologous HSC
transplantation and may take several years [38].

T cells can promote HSC engraftment by eliminating residual host cells respon-
sible for rejection and enhancing stromal function [17].

Although studying the dynamics of transplanted cells is often difficult, recent
imaging techniques allow iz vivo tracking of their migration and differentiation,
including “optical coherence tomography,” “two photon-exited fluorescence micros-
copy,” and “confocal microscopy” [39].

4.5 Bone metastasis

The complex network of immune and bone cells of the bone marrow
microenvironment increases the chance of metastases to bone than other sites [40].
The endosteal and vascular stem cell niches of the marrow microenvironment sup-
port the seeding and establishment of cancer cells [41].

The tumor antigen-primed T cells migrate to the bone marrow and initiate the
pre-metastatic niche by the transfer of signals that alter bone homeostasis. The tumor
cells then colonize the bone marrow and reside in the hematopoietic niches [19].

The interaction of tumor cells with bone is the main pathogenic mechanism of
metastasis involving released signals that sustain a vicious cycle [42]. In addition, the
release of immune-suppressive cytokines by tumor cells promotes the conversion of
M1 macrophages and N1 neutrophils to tumor-associated M2 macrophages and N2
neutrophils, with tumor-promoting activity [40].

Another mechanism-promoting metastasis is immunosuppression, in which
myeloid-derived suppressor cells (MDSCs) play a critical role. They are immature
myeloid cells co-expressing CD11b and cluster of differentiation 33 (CD33) [43],
originating in the bone marrow and migrating to secondary lymphoid organs, where
they inhibit the CD8+ T antitumor response [41]. MDSCs also suppress T-cell function
by impairing antigen recognition, releasing small soluble oxidizers, and depleting
local essential amino acids. They suppress both CD4 and CD8 T cells while promot-
ing activation and expansion of regulatory T cells (Tregs) [44]. The critical roles of
MDSCs rationally explain their assessment as prognostic indicators in osteotropic
tumors.

Meanwhile, cancer cell-released soluble factors stimulate MDSCs differentia-
tion into activated osteoclasts. Both MDSCs and activated T cells produce pro-
osteoclastogenic factors, including C-C chemokine receptor type 2 (CCR2) and
RANK-L, respectively. Thus, tumor growth sustains the osteoclast activation by
several mechanisms [41].

In summation, tumor-cell intrinsic traits and interaction with the specialized
microenvironmental niches play critical roles in controlling tumor-cell colonization
with initial seeding, dormancy, and outgrowth, as demonstrated in Figure 3 [45]. In
the perivascular niche, tumor cells interact with CXCL12-expressing stromal cells and
endothelial E-selectin promotes “mesenchymal-to-epithelial transition,” “stemness,”
“survival,” and “growth.” Activated osteoclasts express Notch ligand, Jagged1 (JAG1),
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Figure 3.
Metastatic bone marrow niches. The perivascular and endosteal niches in bone metastasis [45].

and VCAM-1, increasing the production of the osteoclast-stimulating factors, macro-
phage colony-stimulating factor (M-CSF), and receptor activator of nuclear factor kB
ligand (RANK-L) which alter the bone turnover. In addition, bone resorption releases
transforming growth factor-p (TGF-p) propagating a “vicious cycle” and promoting
osteolytic bone metastasis.

On the other hand, osteoblasts secrete Wnt5a and interleukin (IL)-6 and form gap
junctions, and E-cadherin/N-cadherin junctions, thus promoting bone metastasis [45].

Other cells contributing to the metastatic niche include megakaryocytes, adipo-
cytes, and sympathetic nerve cells by altering the immune escape, dormancy, and
proliferation of tumor cells . Understanding the intricate pathways of metastasis helps
the evolution of new therapeutic targets [45].

5. Conclusion

In conclusion, the unique bone marrow’s organizational and cellular structure
is critical to the immune system’s homeostasis and functions. Understanding the
lymphocyte dynamics in the bone marrow and their regulations may clarify many
of the pathologic changes in many physiologic and pathologic conditions and their
prognostic impact. It can also provide potential venues for the prevention and treat-
ment of some diseases.
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Chapter 3

Head and Neck Lymphadenopathy
in Oral Cancer

Ankita Tandon, Kumari Sandhya and Navendra Nath Singh

Abstract

Ranging from localised to generalised, infectious to neoplastic, autoimmune, or
miscellaneous aetiology; lymphadenopathies have a wide array of clinical presenta-
tions. Assessment of the true pathobiology of lymphadenopathies is a challenging
process specially cases with lymphadenopathy due to malignancies in the head and
neck region. A multitude of masking signs and symptoms make it even more com-
plicated. However, a correct diagnostic workflow facilitates easy evaluation of such
lymphadenopathies. Although, the correct clinical examination may help to achieve
correct diagnosis in some lymphadenopathy cases, some suspicious and unexplained
lymphadenopathies warrant further investigations. This chapter clearly focuses on
the clinical, diagnostic, and histopathologic spectrum of head and neck lymphade-
nopathies arising in oral cancer and stressing upon the pathways of lymphatic spread
of malignancy along with a multitude of lymph node characteristics which play a key
role in diagnosis.

Keywords: cervical, head and neck, lymphadenopathy, lymph nodes, oral squamous
cell carcinoma

1. Introduction

Oral Squamous Cell Carcinoma (OSCC) is the sixth most commonly diagnosed
cancer among all cancer types [1, 2]. While smoking, drinking, and HPV infection are
known risk factors, genetics also plays a significant influence in tumour development,
progression, and patient’s response to therapy [1, 3].

Lymphatic capillaries, afferent lymphatic vessels, lymph nodes, efferent lymphatic
vessels, and diverse lymphoid organs are only a few of the anatomical parts that make
up the lymphatic system. Lymph nodes (LNs) are tiny bean-shaped structures that
line lymphatic channels. They act as a filter, check lymphatic fluid/blood composi-
tion, drain extra tissue fluid and plasma protein leaks, absorb pathogens, boost
immune response, and get rid of infection [4]. As OSCC develops, it frequently
metastasizes to nearby cervical LNs. During variable clinical assessment, it has been
observed that 30 to 50 percent of OSCC patients had metastatic LN [5]. For prolifera-
tion, invasiveness, and metastasis in solid tumours, ECM degradation and recon-
struction in the stroma and adjacent tissues are essential. Matrix metalloproteinases
(MMPs) and their regulators, which come from tumour cells and stromal cells such
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fibroblasts, macrophages, dendritic cells, and neutrophils, cause the ECM to remodel.
Lymphatic metastasis involves the expression of multiple MMPs and the variables
that are connected with them for metastasis and prognosis [5].

Cervical lymph node metastasis has always been a harbinger of poor prognosis,
with node-positive status immediately upstaging disease to stage 3 or higher and
halving 5-year survival rates [6]. It is widely acknowledged that cervical lymph
node involvement affects prognosis for HNSCC, and even one positive lymph node
can result in a 50% decrease in overall survival [7]. Additionally, having affected
lymph nodes has significant short-term therapy effects. For long-term survival and
recurrence-free survival in patients with OSCC, the number of lymph nodes involved,
the anatomical levels of positive lymph nodes, the size of the metastases, the presence
of microscopic or macroscopic extracapsular spread, and soft tissue deposits are all
significant prognostic factors [8].

This chapter therefore intends to focus upon the key determinants to head and
neck lymphadenopathy in oral cancer to upscale the current evidence for its usage in
determining the best therapeutic overlay for OSCC patients.

2. What are lymph nodes and the lymphatic system?

The kidney-shaped organs known as lymph nodes are positioned in groups all
throughout the body, mainly in the groin, armpits, neck, and centre of the chest and
belly. Lymphatic canals link lymph nodes to one another. Through lymphatic chan-
nels, lymphatic fluid travels from all bodily tissues to neighbouring lymph nodes,
which act as a kind of filter. The immune cells in the lymphatic system known as
lymphocytes can proliferate when the immune system is engaged, such as with infec-
tions or cancer. This results in lymphadenopathy, which is the enlargement of one or
more lymph nodes [9].

3. What is lymphadenopathy?

Lymphadenopathy refers to nodes that are abnormal in either size, consistency or
number. The global incidence of patients reporting unexplained lymphadenopathy
ranges between 75% of localised to 25% of generalised types. It may be classified as:
(1) localised when lymph nodes of only one area is involved (55% are exclusive to
Head and neck region); and (2) generalised if lymph nodes are enlarged in two or
more noncontiguous areas [10].

4, Sentinel node

The earliest lymph node(s) to drain a primary tumour are called sentinel lymph
nodes [11]. It is still debatable whether sentinel lymph node biopsy (SLNB) or elective
neck dissection (END) should be used to stage patients with early OSCC (T1 and T2
NO disease) [12]. In the event that a lymphogenic tumour spreads, the sentinel lymph
nodes (SLNs), which must be located and removed, are more likely to contain metas-
tases. If metastatic tumour deposits are discovered in the SLN, further treatment
(surgery and/or radiotherapy) of the nodal basin should be performed because the
SLN’s histological condition reflects that of the rest of the nodal basin [13].
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There is rising evidence in the literature that supports obtaining more sections
or employing immunohistochemistry to detect micro metastases can improve the
diagnosis of nodal metastases. The sensitivity of metastasis identification is increased
by combining various methods [8].

5. Tumour biology as related to metastasis

A variety of genotypic, phenotypic and microenvironmental factors conspire to
define the metastatic potential of a tumour. Previously, it was believed that cancer
cells entered the lymphatic system through pre-existing lymphatic capillaries close
to the tumour (Figure 1a). Solid tumours can stimulate lymphangiogenesis, accord-
ing to recent research on animal models (Figure 1b). In this situation, lymph node
metastasis has been linked to intra-tumoral and peritumoral lymphangiogenesis. By
binding to VEGFR3, a tyrosine kinase receptor expressed on the surface of lymphatic
endothelial cells, VEGF-C/D released by the tumour has been demonstrated to
play a significant role in lymphangiogenesis. The existence and biological function
of lymphatics within experimental and human tumours have remained debatable
despite mounting evidence indicating an active role of VEGF-C- or VEGF-D-induced
tumour lymphangiogenesis in cancer spread to local lymph nodes. According to the
lack of lymphatic uptake of tracers that were injected near experimental tumours,
high interstitial pressure within tumours has been postulated to inhibit intra-tumoral
lymphatic vessel formation and function [14].

6. Mechanism of lymphatic metastasis

The majority of research supported the idea that lymphangiogenesis generated by
tumours and greater levels of lymphangiogenic growth factors are linked to increased

o Tumor

Intratumoral
lymphanglogenesis
(in some cancers)

f Invasion of preexisting
| peritumoral lymphatic vessels

Figure 1.
Model of tumour metastasis: (a) traditional model, and (b) active model [14].
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rates of LN metastasis and a poor prognosis. PDGF-BB, IGF1 and -2, FGF2, HGF,
angiopoietin-2, sphingosine-1-phosphate, adrenomedullin, and IL-7 are among the
additional mediators that have been associated to the development of lymphangio-
genesis in cancers and other disorders in addition to growth factors from the VEGF
family. Further investigation is still needed to determine the relative importance of
these factors in contrast to VEGFs for various cancer types. The VEGF-C, VEGF-D,
VEGF-A, and HGF produced by the main tumour are picked up by peritumoral
lymphatic capillaries and delivered to the SLNs via collecting lymphatics, where
they operate directly on preexisting lymphatic vessels in a manner similar to
inflammation-induced lymphangiogenesis (Figure 2A and B).

The remodelling and SMC rearrangement of distant (post-SLN) lymphatic vessels
and LNs, as well as secondary metastasis, such as organ metastasis, have recently been
observed. Metastatic tumour cells represent a significant source of lymphangiogenic
factors, such as VEGF-C, once they have spread to their draining LNs [11].

Cancer cells with characteristics similar to stem cells might also find a home in
lymphatic endothelium (Figure 2C). Lymphatic endothelium may offer a protective
milieu for long-term tumour cell survival, according to clinical observations of so-
called “in-transit metastases,” or metastatic tumours that form in lymphatic arteries
between the source tumour and the draining LN. Moreover, when the original tumour
has been removed, tumour cells may persist in dormancy within draining LNs for a
long time [11, 15].

A B (o} & Tumor cells (VEGF-ACID, HGF)
& @ D Macrophages (VEGF-A/C/D)
@9
%, Primary

C‘\(\%‘J MBCTUP'“QG ’ tumor
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eritumoral and intratumoral
' JVEGF-AFCJ'D. |angiogenesis and
! HGF
@

tympnangnogenesus
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CXCL12 |
CXCR4

CSCs? LECsf

Normal Increased {Lvmphahc
lymphatic flow lymphatic flow duct dilation Tumor cell
5 Q‘:‘-., "
| I >
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Figure 2.

An important contribution of tumour and LN lymphangiogenesis to cancer metastasis. (A) Normal lymphatic tissue
drainage through lymphatic capillaries, collecting lymphatics, and LNs, (B) lymphangiogenic factors produced by
premetastatic tumours, and (C) once metastatic tumour cells have spread to their dvaining LN, they serve as a major
source of lymphangiogenic factors which promote secondary metastasis, including organ metastasis [11].
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7. Head and neck cancer metastatic spread and lymphatic drainage
patterns

The major lymphatic pathway, the posterior pathway, the anterior lymphatic
pathway, and the superficial-lateral pathway are the four functional drainage path-
ways for the cervical lymphatics [16]. After tumour excision, lymph node metastasis
greatly raises the risk of systemic cancer spread and recurrence and reduces the
effectiveness of treatment, especially when extranodal extension is evident [17, 18].
As aresult, the accurate staging and diagnosis of nodal metastases play a crucial role
in determining the prognosis and treatment of head and neck cancer. In the NO neck,
for example, sampling of the sentinel node can identify patients who actually require
a neck dissection while sparing others who do not show signs of disease [19].

8. The pathophysiology of lymphatic metastasis by head-and-neck cancers

In order to continue invading the surrounding tissue during metastasis, cancer
cells must first penetrate the basement membrane of the epithelium from where
they originated. Tumour cells may potentially infiltrate and move through lymphatic
channels after invading surrounding lymphatics and metastasis to lymph nodes [20].
The lymph fluid carries the tumour cells to the closest lymph node when they reach the
lymphatic system. The afferent lymphatic vessels guide these cells into the subcapsular
sinus, which is the region immediately below the lymph node capsule where lympho-
cytes and antigen-presenting cells circulate [21]. The initial site of metastasis may
take place here, in this sinus [22]. Tumour cells may create new colonies farther along
the nodal chain as the metastatic colony expands. As nodal metastases expand and
invade, the nodal endothelium may also be damaged, leading to extracapsular tumour
invasion [22]. The latter symptoms are indicative of an advanced stage of metastatic
dissemination and, for the majority of human malignancies, a dismal prognosis. While
hematogenous disease spread is less frequent, head and neck squamous cell carcinoma
(HNSCC), which accounts for 80-90% of tumours developing in the UADT of the
head and neck [23], has a significant propensity for regional lymphatic metastasis.
It’s not quite obvious why lymphatic metastasis tends to be biased. According to one
explanation, HNSCC prefers to produce early lymphatic metastases because its lym-
phatic system is so rich in compared to the rest of the body in the head and neck [24].
Metastatic tumour cells may enter lymphatic vessels more easily than into other nearby
venous, arterial, or capillary vessels due to the absence of tight connections between
lymphatic endothelial cells. Additionally, the lymph’s gentle, low shearing flow makes
the environment in which a travelling tumour cell or cell cluster lives less harsh, which
greatly boosts the spread’s effectiveness while lessening the difficulty of establishing
new tumour-genic colonies [24]. Along with lymph node invasion, head and neck
tumours may exhibit blood vessel invasion; however, this occurrence often results from
extracapsular lymph node metastases that have subsequently invaded the vascular
system. Of course, these findings are related to a more advanced condition [19, 25].

9. Skip metastases

Skip metastases are a discontinuous spread of cancer in which foci of involvement
are interspersed among unaffected, adjacent regions. It majorly happens because of
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the rich lymphatic network of the majority of intraoral anatomic sites. Incidence of
skip metastasis in OSCC to level IV and V bypassing levels I to II, ranges from 0.2 to
4.8% [26].

10. Occult nodal disease

Occult nodal disease represent metastatic deposits which are small enough to
evade detection by clinical and radiographic methods and are found on microscopic
analysis.

Such small tumour deposits require keen observation of all lymph nodes along
with confirmation using specific IHC markers. In this reference, micro metastases
are tumour deposits between 0.2-2 mm within lymph nodes whereas, Isolated
Tumour Cells (ITCs) refer to single/small clusters of tumour cells “0.2 mm inside
the lymph nodes [27]. It has been reported that micro metastasis occurs in 3-7%
of nodes and 9-22% of patients with clinically Ny necks and can be detected by
molecular markers such as cytokeratin [28, 29]. Some strong predictors of occult
nodes within the primary tumour may be desmoplasia with or without perineural
infiltration, pT4a clinical stage and thickness of the tumour (>4 mm). Tumour
burden within the lymph nodes have always stood the test of time as a valuable
prognostic factor [27].

11. Lymph node characteristics
11.1 Lymph node ratio

Recent research has looked at the lymph node ratio (LNR), sometimes also
denoted as lymph node density, as a novel feature for assessing prognosis in
patients with pN1 illness. More is the ratio, poorer is the prognosis [7]. LNR has
become a stand-alone prognostic factor for a number of tumour forms, including
HNSCC, as inadequate LN retrieval may cause pathological understaging. This
ratio makes an effort to account for any probable prejudice in the sampling tech-
nique. It takes into account three variables that may have an overall impact on the
staging of LNs: (1) tumour aspects, which represent the disease’s actual regional
spread (i.e., the number of lymph nodes that were actually positive); (2) surgical
aspects (i.e., the number of nodes actually removed during neck dissection); and
(3) detection aspects (i.e., the precision of the pathological analysis). Therefore,
innovations like the greater use of immunohistochemistry, molecular methods,
serial sectioning, and/or the discovery of tiny metastatic deposits in lymph
nodes, as well as the tendency towards more limited/selective neck dissection, may
also influence LNR [7, 30].

LNR is defined as the number of positive lymph nodes divided by the total number
of lymph nodes excised, regardless of the extent of neck dissection [31]. LNR isa
proxy for the sufficiency of neck dissection and corresponds majorly with total lymph
node yield (LNY).

LNY (also referred to as lymph node harvest or lymph node count) is defined as
the count of lymph nodes retrieved after neck dissection [32]. Numerous authors have
discussed the importance of LNY and LNR as prognostic indicators, with higher LNY
and lower LNR resulting in better survival [33]. Patients with lower LNRs who were
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node positive in several studies even had similar results to patients who were node
negative. For instance, when compared to LNR and AJCC N staging, the number of
positive nodes of more than five has greater prognostic influence [34].

11.2 Extranodal extension (ENE)

If the lymph node’s metastatic tumour penetrates the lymph node capsule and
into the nearby connective tissue, whether or not there is a stromal reaction present,
the ENE is deemed positive. The maximum millimetre distance, in either intact or
reconstructed nodal capsules, between the most distant point of invasion into extra-
nodal tissue and the extent of ENE can be calculated [33]. Since ENE was added to the
most recent version of the American Joint Committee on Cancer (AJCC) handbook,
it is advised to categorise the extent of ENE in most head and neck cancers (HNC) as
minor (ENEmi 2 mm from the capsule) and significant (ENEma >2 mm) [35, 36].

11.3 Level of lymph node involvement

Another lymph node characteristic that has been linked to a poor prognosis in
numerous studies is the incidence of lymph node metastases in the lower levels of the
neck i.e., upto levels IV and V [33].

11.4 Size of the tumour deposit within the lymph node

The relationship between the size of the tumour deposit and ENE has been
documented in numerous investigations. According to some research, a deposit size
of 11.5 mm would accurately and specifically indicate ENE. Additionally, there is
a strong correlation between a tumour deposit that is less than 14 mm in size and
reduced disease-free and overall survival [33].

11.5 Metastatic lymph node clearance (MLNC)

Because the total number of removed LN varies depending on the method of neck
dissection, it is important to take this into account when calculating the Lymph Node
Ratio (LNR) and Lymph Node Yield (LNY) in the clinical environment [37].

12. Conclusion

Lymphadenopathy in head and neck cancer present with a plethora of characteristics

with significant implications on patient outcomes. The pathways of lymph node

metastasis are distinct and represent a variety of histopathological interpretations
having a significant bearing on patient prognosis.
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Abstract

Lymph node metastasis represents one of the most important prognostic factors
in patients with head and neck squamous cell carcinomas (HNSCC). Lymph node
yield (LNY) is the term used to indicate the total number of dissected lymph nodes
following neck dissection, while lymph node ratio (LNR) is the proportion of
metastatic lymph nodes to the total number of removed lymph nodes following neck
dissection. This ratio serves to determine both the extent of cancer lymphatic spread
and the effectiveness of its clearance. Calculating LNY and LNR following neck
dissection holds particular significance when dealing with advanced laryngeal cancer.
These values are supposed to have a direct impact on both prognosis and oncological
outcomes, warranting their inclusion in the staging of such patients. Wide variations
were observed in both LNY and LNR, which were mainly dependent not only on the
tumor burden but also on surgical and pathological skills. Therefore, standardiza-
tion is required in the pathological processing as well as surgical techniques of neck
dissections to minimize these variations. Further studies are needed to validate these
observations and to guide their inclusion in pathological TNM classification.

Keywords: lymph node ratio, glottic carcinoma, lymph node yield, neck dissection,
laryngeal carcinoma

1. Introduction
1.1 The anatomy and morphology of cervical lymph nodes

The neck is characterized by the presence of a rich plexus of lymph nodes and
channels. In the 1930s, the Memorial Sloan-Kettering Cancer Center designed a
classification system of cervical lymph nodes groups into various anatomic levels.
This system, initially used for labeling neck dissection specimens, since then gained
a worldwide acceptance. A large study in the same center adopting this classification
system is considered a landmark study describing the pattern of lymphatic metastasis
of different head and neck primaries and the lymph node groups at high risk of
metastasis for each primary [1].
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In 1991, the American Head and Neck Society subsequently adopted that system [2],
and then the classification system was revised in 2002 [3]. This scheme is now widely
implemented as a “common language” between clinicians involved in the care of head
and neck cancer patients to describe and report lymphatic metastasis status [4]. In this
classification, the neck is divided into six levels (Figure 1 and Table1).

Patterns of lymphatic flow and region-specific lymphatic drainage:

There are approximately 150 lymph nodes on either side of the neck. The normal
range in size is from 3 mm to 3 cm, but most nodes are less than a centimeter. Within
level II, the largest node is often called the jugulodigastric node and is situated within
the triangle formed by the internal jugular vein, facial vein, and posterior belly of the
digastric muscle. It is important because it receives lymph from a wide area, which
includes the submandibular region, the oropharynx, palatine tonsils, and oral cavity.
The jugulo-omohyoid nodes are situated at the junction between the middle and
lower cervical group (low level III/high level IV) where the omohyoid muscle crosses
the internal jugular vein and receives lymph from a wide area, which includes the
anterior floor of mouth, oropharynx, and larynx.

In the neck lymphatic flow follows an orderly and predictable path. Through
studying metastasis pattern of squamous-cell carcinoma of the larynx and hypo-
pharynx prior to surgical therapy. In 1964, Fisch [5] studied the patterns of cervi-
cal lymphatic flow by injecting oil-based contrast media into the post-auricular
lymphatics followed by lymphography, the flow of contrast was from post-auricular
lymphatics to nodes just below and behind the angle of the mandible (highest Level
IIB or VA nodes) called the junctional nodes then contrast flowed to nodes along the
spinal accessory nerve posteriorly and along the jugular nodes anteriorly. Contrast
in the posterior triangle then flowed to transverse cervical nodes (level VB) and then

Figure 1.
Lymph node levels and sublevels of the neck (adapted from Givi and Andersen [4]).
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Border
Level Superior Inferior Anterior (medial) Posterior (lateral)
1A Symphysis of Body of hyoid Anterior belly of Anterior belly of
mandible contralateral digastric ipsilateral digastric
muscle muscle
1B Body of mandible Posterior belly Anterior belly of Stylohyoid muscle
of digastric digastric muscle
muscle
1A Skull base Horizontal Stylohyoid muscle Vertical plane defined
plane defined by the spinal accessory
by the inferior nerve
body of the
hyoid bone
IIB Skull base Horizontal Vertical plane defined Posterior border of the
plane defined by the spinal accessory sternocleidomastoid
by the inferior nerve muscle
body of the
hyoid bone
111 Horizontal plane Horizontal Lateral border of the Posterior border of the
defined by the inferior plane defined sternohyoid muscle sternocleidomastoid
body of the hyoid by the inferior muscle
border of
the cricoid
cartilage
I\Y Horizontal plane Clavicle Lateral border of the Posterior border of the
defined by the inferior sternohyoid muscle sternocleidomastoid
border of the cricoid muscle
cartilage
VA Apex of the Horizontal Posterior border of the Anterior border of the
convergence of the plane defined sternocleidomastoid trapezius muscle
sternocleidomastoid by the inferior muscle or sensory
and trapezius muscle border of branches of cervical
the cricoid plexus
cartilage
VB Horizontal plane Clavicle Posterior border of the Anterior border of the
defined by the inferior Sternocleidomastoid trapezius muscle
border of the cricoid muscle or sensory
cartilage branches of cervical
plexus
VI Hyoid bone Suprasternal Common carotid artery Common carotid
notch artery
VII Suprasternal notch Innominate Common carotid artery Common carotid
artery artery
Table 1.

Anatomic boundaries of the lymph node levels of the neck [4].

medially to low jugular nodes (level IV). The contrast from spinal accessory nodes
flowed to jugular nodes anteriorly but never moved in the opposite direction. There
was also no contralateral or retrograde lymphatic flow. This important observation

is the basis of the notion that metastases to level V nodes are extremely rare and this
means that junctional nodes are not involved in the majority of cancer (Figure 2) [5].
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Figure 2.
Patterns of lymphatic flow based on Fisch experiments (adapted from Givi and Andersen [4]).

It is important to realize that contralateral neck spread may occur early in those
tumors situated in or near the midline.

A landmark study by Lindberg [6] reviewed 2044 patients with HNSCC of oral
cavity, oropharynx, nasopharynx, supraglottis, and hypopharynx and published the
topographical distribution of clinically evident cervical metastases was set out. Byers
etal. [7], from MD Anderson Cancer Center, identified these distinct patterns of
spread to the neck based on the primary site relying on patterns of nodal metastasis
among 428 patients with HNSCC.

The laryngeal lymphatic drainage is separated into upper and lower systems based
on its embryological origins, with a division that occurs at the level of the true vocal
cord. The supraglottis drains through vessels that accompany the superior laryngeal
pedicle via the thyroid membrane to reach levels II/III, with a greater tendency for
bilateral nodal drainage. The lower system drains directly into levels III/IV through
vessels that pass through or behind the cricothyroid membrane and also into the
prelaryngeal, pretracheal, or paratracheal nodes (level VI), before reaching the deep
cervical nodes. Because the vocal cords are relatively avascular, they have a sparse
lymphatic drainage, hence lymph node metastases from small carcinomas at this site
are uncommon [6, 7].

1.2 Cervical lymph node metastasis in advanced laryngeal carcinoma

Laryngeal cancer constitutes about one-third of all head and neck cancers [8]. Its
incidence continues to increase in South-East Asia, Africa, and the Western Pacific,
while the incidence is declining in Western countries. Heavy and prolonged smoking
and alcohol ingestion are the main risk factors for laryngeal cancer. Other risk factors
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include laryngopharyngeal reflux disease, occupational exposure to solvents, sulfuric
acid, asbestos, and human papillomavirus (HPV) infection [9].

Cervical lymph node metastases are one of the most adverse prognostic factors
in squamous cell carcinoma (SCC) of the larynx and are always associated with poor
oncological outcomes. Despite advances in diagnostic imaging, currently, there are
no imaging modalities capable of accurately detecting occult disease in the clinically
negative neck (cNO). Neck dissection remains the gold standard for nodal staging
in cNO patients with high-risk HNSCC if the risk of neck metastasis is more than
15-20%. The accuracy of surgical staging in the cNO neck depends on the extent of
neck dissection as well as on the scrutiny of histopathologic examination for detect-
ing occult metastatic disease. Therefore, the probability of identifying metastasis in
lymph nodes relies on the skills of both surgeons and pathologists [10].

In the eighth edition of the pathological pTNM classification, the pN classification
of neck dissection in laryngeal carcinomas is based on the size and laterality, presence
of single or multiple metastatic lymph nodes, and presence of extracapsular spread
(ECS) in metastatic lymph nodes [11].

However, several studies have highlighted some serious limitations in pN classifica-
tion. First, it does not take into consideration the number of metastatic lymph nodes in
the neck. In a study on 8351 hypopharyngeal and laryngeal cancer patients, the overall
survival is inversely proportionate to the number of metastatic lymph nodes in neck
dissection specimens, while the node size or contralateral lymph node involvement did
not have a statistically significant impact on survival. Therefore, the authors recom-
mended the incorporation of quantitative metastatic nodal burden in nodal classifica-
tion for laryngeal and hypopharyngeal cancers to improve its prognostic value and
better identify the need for adjuvant treatment [11]. Second, this pN classification does
not assess the number of removed lymph nodes in the neck dissection specimen. Many
studies have proved that a higher number of dissected lymph nodes in the neck dissec-
tion specimen was associated with improved survival in HNSCC patients [12, 13].

The accumulating evidence in support of the prognostic value of both the number
of dissected lymph nodes and the number of metastatic lymph nodes in the neck
dissection specimen has inspired many head and neck surgeons to further investigate
their prognostic capacity, standardize their terminology, and discover their uses and
limitations.

2. Aim of this chapter
This is a review chapter to illustrate the prognostic importance of lymph node

yield and ratio during surgery for advanced laryngeal carcinoma as well as their uses
and limitations.

3. Lymph node yield (LNY)
3.1 Definition
LNY refers to the total number of removed lymph nodes following neck

dissections [14]. LNY was first described by Agrama et al. in modified radical neck
dissection (MRND) for HNSCC, showing variations in LNY values [15].
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3.2 Prognostic value

There has been a growing interest in LNY among head and neck surgeons in the last
decades. Ebrahimi et al. [16] were the first to try to study the prognostic value of LNY
in 225 patients undergoing elective neck dissection for oral SCC. This single institu-
tional study concluded that nodal yield <18 was significantly associated with decreased
overall survival, disease-specific survival, and disease-free survival. In a larger study
cohort of 1567 cNO oral SCC patients from nine international cancer centers, Ebrahimi
etal. [17] confirmed the same finding, proving that LNY is a strong independent
prognosticator for decreased survival and increased risk of locoregional recurrence.

In a study of 4341 patients with pNO oral SCC undergoing elective neck dissection,
Lemieux et al. [18] found that greater LNY of more than 22 nodes was significantly
associated with increased overall survival. Two studies in HNSCC patients, including
node-positive patients of all primary sites, have shown that LNY > 18 was associated
with improved overall survival and reduced risk of locoregional failure [19, 20].

In laryngeal SCC patients, some studies found that LNY was not significantly
correlated with the overall survival and disease-free survival. These studies had a
retrospective study design with a small sample size [21-23]. In one of them, the neck
dissection was done by different surgeons, and lymph node examination was per-
formed by different histopathologists, making more bias [22]. Additional prospective
studies with larger sample sizes are required to accurately define the minimum LNY
and verify its prognostic capacity in patients with laryngeal SCC.

LNY is an objective tool for surgical adequacy of neck dissection as well as patho-
logical processing of neck dissection specimens, particularly when standardization
of the surgical techniques and pathological processing will be necessary to allow
reproducibility and statistical comparison of similar patient groups [24]. Moreover, a
review has shown the volume of neck dissection specimen is an indicator of surgical
expertise that could be used to assess trainees’ progress and for quality maintenance
in large head and neck centers [25].

3.3 Variations in LNY

The surgeon should dissect a significant number of lymph nodes from the neck
levels as possible, to approach the average count of dissected lymph nodes as close
to the average lymph node count as possible [25]. In a cadaveric study, there were an
average of 20 lymph nodes in supraomohyoid neck dissection compared to an aver-
age of 30 in lateral neck dissection [26]. Similar LNY was retrieved in a retrospective
review of 414 patients undergoing therapeutic neck dissection, obtaining mean LNY
of 21.7 in supraomohyoid neck dissection compared to 27.1 in lateral neck dissection
[27]. Preoperative CT-planned neck level volume estimates correlate with neck dissec-
tion specimen volume but did not correlate with LNY [28].

According to the 8th edition of the TNM classification, pN pathological classifica-
tion requires a selective neck dissection specimen to include 10 or more lymph nodes,
while a radical or modified radical neck dissection specimen should encompass 15
or more lymph nodes [11]. However, the minimum LNY in patients with laryngeal
SCC was quite variable (35.9-12) with an average of 24 for selective level II-IV neck
dissections [22, 24].

Norling et al. [29] have compared LNY values in cadaveric and clinical selective
neck dissections (SND). Based on literature review, the minimum average LNY was
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19.4 in clinical supraomohyoid SND (levels I-III) and 26.4 in clinical lateral SND
(levels II-1V), while the lowest mean LNY was 8.8 in cadaveric supraomohyoid
SND (levels I-III) and 10.4 LNs in cadaveric lateral SND (levels II-1V) [29]. Four
clinical studies reported the mean nodal yield for levels I, II, III, IV, and V. Means
for level I were 5.7, 5.27, and 4.0, for level II: 12.6, 11.2, 11.2, and 9.43, for level III:
8.49,7.6,7.6 and 7.2, for level IV: 8.7, 743, 7.3 and 6.9, and for level V: 9.7 and 9.02
[29, 30]. In a study of LNY in SND (levels II-IV) in 45 advanced laryngeal cancer
patients, the mean LNY for level Il was 9.1, for level III: 11.5, and for level IV: 6.2
with level III containing most lymph nodes. The mean LNY of SND (levels II-IV)
was 47.7 [31].

Over the last decades, there have been wide variations in reported LNY values in
many studies because some studies were conducted on patients with different tumor
locations together with the lack of uniformity in the proper extent of neck dissection
between different centers and surgeons, making it difficult to set the standards for
LNY values in different neck dissection types. Moreover, the current literature has
moved towards superselective neck dissection, adding more difficulty. For this rea-
son, separating neck dissection specimens into the individual neck levels before being
sent for the histopathological examination should be recommended in the future
guidelines to establish standard LNY values in different neck levels and, therefore, to
assess the adequacy of neck dissection [30, 32].

3.4 Factors influencing LNY

Many factors could affect the nodal yield in neck dissections for different
head and neck cancers. (1) Patient and tumor factors: a univariate analysis of
patient and tumor factors in oral SCC revealed that women, older people, BMI
<25, small (T1, T2) tumors, absent positive lymph nodes, and absent perineural
invasion were significantly associated with reduced LNY. However, the multivari-
ate analysis of significant factors found that older age and BMI <25 are the most
significant patient factors, while T classification and the presence of positive lymph
nodes are the most significant tumor factors [33, 34]. In mucosal HNSCC, p16-pos-
itive tumors have yielded around 2.4 more lymph nodes than their pl6-negative
tumors. HPV status significantly affected LNY, particularly in oral SCC [30]. (2)
Pathological factors: A newly developed pathology protocol with examination of
residual fibrofatty tissue in neck dissection specimen has significantly increased
LNY [34]. (3) Treatment factors include surgical factors or preoperative or post-
operative radiation. Both standard surgical technique and surgical experience had
a significant impact on nodal yield in neck dissections. The horizontal neck dis-
section using standard fascia unwrapping technique was associated with a signifi-
cantly superior nodal yield in levels I, II, III, and IV, and in overall nodal yield than
the vertical neck dissection in the control group [24]. Level-by-level neck dissec-
tion resulted in a statistically significant higher LNY than en bloc or monoblock
neck dissection in both selective neck dissection and individual neck levels [32].
Surgical experience influences not only LNY in neck dissections but also oncologi-
cal outcomes with more recurrences occurring with less-experienced surgeons
[25]. Both preoperative radiotherapy and chemoradiotherapy over the head and
neck region reduce the nodal yield significantly in neck dissections, compared with
patients who did not receive radiotherapy or who received postoperative radio-

therapy [21, 27, 34-37].
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4. Lymph node ratio (LNR)
4.1 Definition

Lymph node ratio (LNR) or lymph node density (LND) is defined as the ratio of the
metastatic lymph nodes to the total number of dissected lymph nodes following neck
dissection. This ratio determines the extent of cancer lymphatic spread and extent of
its clearance. Both LNR and LND are being used interchangeably in the current litera-
ture [14]. For laryngeal and hypopharyngeal SCC, LNR ranges from 0.03 to 0.14 [38].

The standard histopathological examination of lymph nodes in neck dissection
specimens starts with making a single, longitudinal section through the center of each
lymph node followed by Hematoxylin and Eosin (H&E) staining and examination of
the section under light microscopy for metastatic deposits. This standard technique
is widely used [39]. Serial section H & E staining at 3-4 mm of the lymph node and
cytokeratin immunohistochemical analysis demonstrated a higher detection rate of
micrometastatic disease in pNO specimens [40].

4.2 Prognostic value

In their extensive multi-institutional study involving 4254 patients with oral SCC,
Patel et al. [30, 41] reported that higher LND was significantly associated with lower
overall survival, disease-specific survival, disease-free survival, and higher rates of
locoregional and distant metastases. Comparing a newly developed TNM staging
based on LND with the standard TNM staging revealed that the new TNM staging
was superior to the standard TNM staging in all survival parameters [41].

In laryngeal and hypopharyngeal SCC patients, a meta-analysis found that higher
LNR values were significantly associated with shorter overall survival, disease-
specific survival, and disease-free survival [38]. Several studies have reported similar
results and proved a significant association between increased LNR and higher risk
for locoregional and distant recurrences in patients with advanced laryngeal or
hypopharyngeal SCC, which should be considered for adjuvant treatment. Therefore,
LNR could be used for risk stratification of laryngeal SCC patients as well as adjuvant
treatment planning and follow-up [42-47].

Wang et al. [47] investigated the potential role of LNR in the staging of laryngeal
SCC. They gathered data from the SEER database, encompassing 1963 patients, and
supplemented it with an additional 27 patients from their own institution for validation.
By determining optimal LNR cutoff values, the patients were categorized into three risk
groups based on LNR values: <0.09, 0.09-0.20, and >0.20, which were significantly
different in disease-specific survival and overall survival. Therefore, the authors recom-
mended that incorporating LNR in N classification could enhance the staging process.

However, two studies found that LNR was not significantly correlated with the
overall survival and disease-free survival in laryngeal SCC patients. These studies
had a retrospective study design with a small sample size [21, 22]. In one of them, the
neck dissection was done by different surgeons, and lymph node examination was
performed by different histopathologists, making more bias [22].

4.3 Factors affecting LNR in neck dissections

Three main factors can potentially affect LNR and nodal staging as follows:
(1) tumor factors (the extent of neck involvement): the number of metastatic lymph
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nodes in neck specimens directly influences LNR; (2) surgical factors (the extent
of neck dissection): the total number of dissected lymph nodes in neck dissection
specimens varies significantly in different neck dissection types, with modified
radical neck dissection producing the largest number of LNs (around 34), fol-
lowed by SND level II-V (around 23), SND level I-III (about 18), and SND II-IV
(about 17). With the current trend towards superselective neck dissection, LNR

is expected to vary significantly in more limited neck dissections [13]. Therefore,
further studies are required to define the cutoff points for LNR in different types
of neck dissection; (3) pathological factors (the accuracy of the histopathological
examination): variations in harvesting higher number of lymph nodes from neck
specimens by different pathologists as well as increased detection of lymph node
micrometastases by serial sectioning, immunohistochemistry, and/or the use of
molecular techniques were proved to be associated with changes in the value of LNR
[13, 36, 48]. Therefore, LNR is a reflection not only of disease burden but also of
surgical and pathological quality standards. This clearly highlights the need for
standardized protocols in the processing of the neck dissection specimens as well as
surgical practice [49].

4.4 Limitations

Some limitations might affect the value of the LNR. First, LNR does not include
the prognostic information associated with the presence of metastatic lymph nodes
with ECS. In a retrospective study on 1190 patients with HNSCC, the number of
metastatic lymph nodes with ECS was significantly related to the disease-specific
survival [50]. Second, for pNO patients, the value of LNR regardless of the number of
dissected lymph nodes is always 0%, leading to loss of information on the nodal yield
in this group of patients. Many studies have proved that an increased lymph node
yield in pNO patients resulted in significant survival improvement [18, 51].

4.5 Weighted lymph node ratio (WLNR)

The weighted lymph node ratio (WLNR) is a newly developed equation designed
to integrate predictive data related to the number of metastatic lymph nodes with
ECS and LNY for pNO patients to LNR. The calculation of WLNR is outlined in
the following equation: WLNR = [((number of positive lymph nodes without
ECS x 1.054) + (number of positive lymph nodes with ECS x 1.199) + 0.5)/(total
number of dissected lymph nodes +0.5)] x 100 [52].

Using the WLNR value, HNSCC patients are categorized into four groups, which
exhibit notable differences in 5-year disease-specific survival rates as we compare one
category to the next. The groups are as follows: Category I (WLNR < 3.4%); Category
II (WLNR ranging from 3.5% to 7.4%); Category III (WLNR ranging from 7.5% to
15.4%); and Category IV (WLNR > 15.5%) [52].

Compared with the TNM pN classification (pNO, pN1, pN2, pN3), the WLNR
classification was more reliable in predicting disease-specific survival along with
both regional and distant recurrence-free survival. This classification improves the
prognostic accuracy of the eighth edition of the pTNM classification and serves as a
valuable resource for assessing the postoperative staging of the neck dissections in
HPV-negative HNSCC patients [52]. In a study of 197 HNSCC patients with regional
recurrence treated with salvage neck dissection, WLNR had proved to provide a
significant prognostic capacity for disease-specific survival [53].
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5. Conclusions

The estimation of LNY and LNR following neck dissection holds significant
importance, particularly in advanced laryngeal cancer because they have a direct
impact on both the prognosis and the oncological outcomes of such patients.
Therefore, incorporation of LNR in the nodal staging of advanced laryngeal cancer
is needed, once its prognostic capacity is well studied. Wide variations in both
LNY and LNR were mainly affected by tumor, surgical, and pathological fac-
tors. Therefore, standardized protocols are needed in the pathological processing
and surgical techniques of neck dissections to minimize these variations. Some
limitations were observed with the use of LNR, leading to the introduction of
weighted LNR. More well-designed research with larger samples is required to
verify the reliability of LNY and LNR and clearly define their uses and limitations
in the future.
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ECS extracapsular spread

pNO pathologically negative neck

SND selective neck dissection

RND radical neck dissection

UICC International Cancer Control

AJCC American Joint Committee on Cancer
WLNR weighted lymph node ratio

44



Lymph Node Yield and Ratio during Surgery for Advanced Laryngeal Carcinoma
DOI: http://dx.doi.org/10.5772/intechopen.1002887

Author details

Ahmed S. Elhamsharyl, Mostafa I. Ammar!, Eslam Farid Abu Shadyz*
and Ahmed Elnaggar’

1 Otorhinolaryngology-Head and Neck Surgry Department, Tanta University, Tanta,
Egypt

2 Otolaryngology-Head and Neck Surgry Department, Benha University, Benha,
Egypt

*Address all correspondence to: eslam.farid@fmed.bu.edu.eg

IntechOpen

© 2023 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

45



Lymphatic System — From Human Anatomy to Clinical Practice

References

[1] Patel KN, Shah JP. Neck dissection:
Past, present, future. Surgical Oncology
Clinics. 2005;14(3):461-477

[2] Robbins KT, Medina JE, Wolfe GT, L
evine PA, Sessions RB, Pruet CW.
Standardizing neck dissection
terminology: Official report of the
Academy's Committee for Head and
Neck Surgery and Oncology. Archives of
Otolaryngology-Head & Neck Surgery.
1991;117(6):601-605

[3] Robbins KT, Clayman G, Levine PA,
Medina J, Sessions R, Shaha A, et al.
Neck dissection classification update:
Revisions proposed by the American
Head and Neck Society and the
American Academy of Otolaryngology—
Head and Neck Surgery. Archives of
Otolaryngology-Head & Neck Surgery.
2002;128(7):751-758

[4] Givi B, Andersen PE. Rationale for
modifying neck dissection. Journal of
Surgical Oncology. 2008;97(8):674-682

[5] Fisch U. Cervical lymphography in
cases of laryngo-pharyngeal carcinoma.
The Journal of Laryngology & Otology.
1964;78(8):715-726

[6] Lindberg R. Distribution of
cervical lymph node metastases from
squamous cell carcinoma of the upper

respiratory and digestive tracts. Cancer.
1972;29(6):1446-1449

[7] Byers RM, Wolf PF, Ballantyne AJ.
Rationale for elective modified neck
dissection. Head & Neck Surgery.
1988;10(3):160-167

(8] Koroulakis A, Agarwal M. Laryngeal
cancer. Available from: https://www.
statpearls.com/point-of-care/24035
[Accessed: August 15, 2023]

46

[9] Nocini R, Molteni G, Mattiuzzi C,
Lippi G. Updates on larynx cancer
epidemiology. Chinese Journal of Cancer
Research. 2020;32(1):18-25

[10] Pou JD, Barton BM, Lawlor CM,
Frederick CH, Moore BA, Hasney CP.
Minimum lymph node yield in elective
level I-III neck dissection. The
Laryngoscope. 2017;127(9):2070-2073

[11] Brierley JD, Gospodarowicz MK,
Ch W, editors. International Union
against Cancer (UICC). TNM
Classification of Malignant Tumors. 8th
ed. Wiley-Blackwell: Oxford, UK; 2017

[12] Ho AS, Kim S, Tighiouart M,
Gudino C, Mita A, Scher KS, et al.
Association of quantitative metastatic
lymph node burden with survival in
hypopharyngeal and laryngeal cancer.
JAMA Oncology. 2018;4(7):985-989

[13] de Kort WWB, Maas SLN, Van Es RJJ,
Willems SM. Prognostic value of the
nodal yield in head and neck squamous

cell carcinoma: A systematic review.
Head & Neck. 2019;41:2801-2810

[14] Iocca O, Di Maio P, De Virgilio A,
Pellini R, Golusinski P, Petruzzi G, et al.
Lymph node yield and lymph node

ratio in oral cavity and oropharyngeal
carcinoma: Preliminary results from a
prospective, multicenter, international
cohort. Oral Oncology. 2020;107:104740

[15] Agrama MT, Reiter D, Topham AK,
Keane WM. Node counts in neck
dissection: Are they useful in outcomes
research? Otolaryngology and Head and
Neck Surgery. 2001;124(4):433-435

[16] Ebrahimi A, Zhang WJ, Gao K,
Clark JR. Nodal yield and survival in oral



Lymph Node Yield and Ratio during Surgery for Advanced Laryngeal Carcinoma

DOI: http://dx.doi.org/10.5772/intechopen.1002887

squamous cancer: Defining the standard
of care. Cancer. 2011;117(13):2917-2925

[17] Ebrahimi A, Clark JR, Amit M,

Yen TC, Liao CT, Kowalski LP, et al.
Minimum nodal yield in oral squamous
cell carcinoma: Defining the standard of
care in a multicenter international pooled

validation study. Annals of Surgical
Oncology. 2014;21(9):3049-3055

(18] Lemieux A, Kedarisetty S, Raju S,
Orosco R, Coffey C. Lymph node yield as
a predictor of survival in pathologically
node negative oral cavity carcinoma.
Otolaryngology and Head and Neck
Surgery. 2016;154(3):465-472

[19] Divi V, Chen MM, Nussenbaum B,
etal. Lymph node count from neck
dissection predicts mortality in head

and neck cancer. Journal of Clinical
Oncology. 2016;34:3892-3897

[20] Divi V, Harris J, Harari PM, et al.
Establishing quality indicators for neck
dissection: Correlating the number of
lymph nodes with oncologic outcomes
(NRG Oncology RTOG 9501 and RTOG
0234). Cancer. 2016;122:3464-3471

[21] Topf MC, Philips R, Curry]J,
Magana LC, Tuluc M, Bar-Ad 'V, et al.
Impact of lymph node yield in patients
undergoing total laryngectomy

and neck dissection. The Annals of
Otology, Rhinology, and Laryngology.
2021;130(6):591-601

[22] Cayonu M, Tuna EU, Acar A,

Dinc ASK, Sahin MM, Boynuegri S,

et al. Lymph node yield and lymph node
density for elective level II-IV neck
dissections in laryngeal squamous

cell carcinoma patients. European
Archives of Oto-Rhino-Laryngology.
2019;276(10):2923-2927

[23] Bottcher A, Dommerich S, Sander S,
Olze H, Stromberger C, Coordes A,

47

etal. Nodal yield of neck dissections
and influence on outcome in
laryngectomized patients. European
Archives of Oto-Rhino-Laryngology.
2016;273(10):3321-3329

[24] Lorincz BB, Langwieder F,
Mockelmann N, Sehner S, Knecht R.
The impact of surgical technique on
neck dissection nodal yield: Making
a difference. European Archives

of Oto-Rhino-Laryngology.
2016;273(5):1261-1267

[25] Morton RP, Gray L, Tandon DA,
Izzard M, Mclvor NP. Efficacy of
neck dissection: Are surgical volumes
important? Laryngoscope.
2009;119(6):1147-1152

[26] Friedman M, Lim JW,

Dickey W, Tanyeri H, Kirshenbaum GL,
Phadke DM, et al. Quantification of
lymph nodes in selective neck dissection.
The Laryngoscope. 1999;109(3):368-370

[27] Lippert D, Dang P, Cannon D,
Harari PM, McCulloch TM,

Hoffman MR. Lymph node yield in
therapeutic neck dissection: Impact of
dissection levels and prior radiotherapy.
The Annals of Otology, Rhinology, and
Laryngology. 2017;126(11):762-767

[28] Rees CA, Litchman JH, Wu X,
Servos MM, Kerr DA, Halter R], et al. CT
for estimating adequacy of lymph node
dissection in patients with squamous cell

carcinoma of the head and neck. Cancer
Imaging. 2021;21(1):61

[29] Norling R, Therkildsen MH,

Bradley PJ, Nielsen MB, Cv B. Nodal yield
in selective neck dissection. Acta Oto-
Laryngologica. 2013;133(9):965-971

[30] Lim RS, Evans L, George AP, de
Alwis N, Stimpson P, Merriel S, et al.
Do demographics and tumour-related
factors affect nodal yield at neck



Lymphatic System — From Human Anatomy to Clinical Practice

dissection? A retrospective cohort study.
The Journal of Laryngology and Otology.
2017;131(S1):S36-S40

[31] Abdel Samea HAR, Elhamshary AAS,
Abdelaziz MF, Abu Shady EF. Elective
neck dissection during surgery for
advanced glottic carcinoma with a
clinically negative neck: Analysis of
lymph node yield and early post-surgical
outcomes. Benha Medical Journal.
2022;39(1):262-278

[32] Devaraja K, Pujary K, Ramaswamy B,
Nayak DR, Kumar N, Nayak D. Lymph
node yield in treatment naive cases of
head and neck squamous cell carcinoma:
En bloc lymphadenectomy versus
level-by-level dissection. The

Journal of Laryngology and Otology.
2021;135:359-366

[33] Safi AF, Kauke M, Grandoch A,
Nickenig HJ, Drebber U, Zéller J, et al.
Clinicopathological parameters affecting
nodal yields in patients with oral
squamous cell carcinoma receiving
selective neck dissection. Journal

of Cranio-Maxillo-Facial Surgery.
2017;45(12):2092-2096

[34] Holcomb AJ, Perryman M,
Goodwin S, Penn J, Villwock MR,
Bur AM, et al. Pathology protocol
increases lymph node yield in neck
dissection for oral cavity squamous
cell carcinoma. Head & Neck.
2020;42(10):2872-2879

[35] Johnstone PAS, Miller ED,

Moore MG. Preoperative radiotherapy
decreases lymph node yield of neck
dissections for head and neck cancer.
Otolaryngology and Head and Neck
Surgery. 2012;147(2):278-280

[36] Marres C, De Ridder M, Hegger I, van
Velthuysen M, Hauptmann M, Navran A,
et al. The influence of nodal yield in

neck dissections on lymph node ratio in

48

head and neck cancer. Oral Oncology.
2014;50(1):59-64

[37] Hintze J, Lang B, Subramaniam T,
Kruseman N, O'Regan E, Brennan S,

et al. Factors influencing nodal yield

in neck dissections for head and neck
malignancies. The Journal of Laryngology
and Otology. 2023;137(8):925-929

[38] Abdeyrim A, He S, Zhang Y,
Mamtali G, Asla A, Yusup M, etal.
Prognostic value of lymph node ratio

in laryngeal and hypopharyngeal
squamous cell carcinoma: A systematic
review and meta-analysis. Journal of
Otolaryngology - Head & Neck Surgery.
2020;49(1):31

[39] Devaney KO, Rinaldo A, Ferlito A.
Micrometastases in cervical lymph
nodes from patients with squamous
carcinoma of the head and neck:
Should they be actively sought? Maybe.
American Journal of Otolaryngology.
2007;28(4):271-274

[40] Barrera JE, Miller ME, Said S,
Jafek BW, Campana JP, Shroyer KR.
Detection of occult cervical
micrometastases in patients with head
and neck squamous cell cancer. The
Laryngoscope. 2003;113(5):892-896

[41] Patel S, Amit M, Yen T, Liao C,
Chaturvedi P, Agarwal ], et al. Lymph
node density in oral cavity cancer:
Results of the international consortium
for outcomes research. British Journal of
Cancer. 2013;109(8):2087-2095

[42] Grasl S, Janik S, Parzefall T,
Formanek M, Grasl MC, Heiduschka G,
etal. Lymph node ratio as a prognostic
marker in advanced laryngeal and
hypopharyngeal carcinoma after primary
total laryngopharyngectomy. Clinical
Otolaryngology. 2020;45:73-82

[43] Imre A, Pinar E, Dincer E, Ozkul Y,
Aslan H, Songu M, et al. Lymph node



Lymph Node Yield and Ratio during Surgery for Advanced Laryngeal Carcinoma

DOI: http://dx.doi.org/10.5772/intechopen.1002887

density in node-positive laryngeal
carcinoma: Analysis of prognostic value
for survival. Otolaryngology and Head
and Neck Surgery. 2016;155(5):797-804

[44] Ryu IS, Roh JL, Cho K], Choi SH,
Nam SY, Kim SY. Lymph node density

as an independent predictor of cancer-
specific mortality in patients with lymph
node-positive laryngeal squamous cell
carcinoma after laryngectomy. Head &

Neck. 2015;37(9):1319-1325

[45] Petrarolha S, Dedivitis R,

Matos L, Ramos D, Kulcsar M. Lymph
node density as a predictive factor for
worse outcomes in laryngeal cancer.
European Archives of Oto-Rhino-
Laryngology. 2020;277(3):833-840

[46] Kunzel ], Mantsopoulos K,
Psychogios G, et al. Lymph node ratio

is of limited value for the decision-
making process in the treatment of
patients with laryngeal cancer. European
Archives of Oto-Rhino-Laryngology.
2015;272(2):453-461

[47] Wang YL, Li DS, Wang Y,

Wang ZY, Ji QH. Lymph node ratio for
postoperative staging of laryngeal
squamous cell carcinoma with

lymph node metastasis. PLoS One.
2014;9:e87037

[48] Negm H, Mosleh M, Fathy H,
Hareedy A, Elbattawy A. Cytokeratin
immunohistochemically detected nodal
micrometastases in NO laryngeal cancer:
Impact on the overall occult metastases.
European Archives of Oto-Rhino-
Laryngology. 2013;270:1085-1092

[49] Talmi YP, Takes RP, Alon EE,

Nixon IJ, Lépez F, de Bree R, et al.
Prognostic value of lymph node ratio in
head and neck squamous cell carcinoma.
Head & Neck. 2018;40:1082-1090

[50] de Juan J, Garcia ], Lépez M, Orus C,
Esteller E, Quer M, et al. Inclusion of

49

extracapsular spread in the pTNM
classification system: A proposal for
patients with head and neck carcinoma.
JAMA Otolaryngology. Head & Neck
Surgery. 2013;139:483-488

[51] Merz S, Timmesfeld N, Stuck BA,
Wiegand S. Impact of lymph node yield
on outcome of patients with head and

neck cancer and pNO neck. Anticancer
Research. 2018;38:5347-5350

[52] Leén X, Neumann E, Gutiérrez A,
Garcia ], Lopez M, Quer M. Weighted
lymph node ratio: New tool in the
assessment of postoperative staging
of the neck dissection in HPV-
negative head and neck squamous cell
carcinoma patients. Head & Neck.
2020;42:2912-2919

[53] Neumann ED, Sansa A, Casasayas M,
Gutierrez A, Quer M, Leén X. Prognostic
capacity of the weighted lymph node
ratio in head and neck squamous

cell carcinoma patients treated with
salvage neck dissection. European
Archives of Oto-Rhino-Laryngology.
2021;278(10):4005-4010






Chapter 5

Optimizing Nodal Staging in
Intermediate and High-Risk
Prostate Cancer: An Examination

of Sentinel Lymph Node Dissection
Using ICG/NIR

Robert M. Molchanov, Oleg B. Blyuss and Ruslan V. Duka

Abstract

This study evaluated the use of sentinel lymph node (SLN) dissection with
indocyanine green/near-infrared (ICG/NIR) technology in laparoscopic radical
prostatectomy for clinically localized prostate cancer (PCa). Conducted from 2020
to 2023, the study included 60 patients: 45 at intermediate or high risk underwent
both SLN dissection and extended pelvic lymph node dissection (ePLND), while 15
low-risk patients had SLN dissection only. Sentinel nodes were identified in over 90%
of cases. Body mass index (BMI) was found to influence the time taken to locate SLNs.
Among intermediate and high-risk patients, 22% showed metastatic involvement.
The procedure demonstrated a specificity of 90%, sensitivity of 80%, and positive
predictive value of 95,7%. The study concludes that SLN dissection is a feasible and
effective method for preoperative nodal staging in PCa, although further research is
needed for optimization.

Keywords: sentinel lymph nodes, prostate cancer, laparoscopic radical prostatectomy,
pelvic lymph node dissection, indocyanine green/near-infrared technology

1. Introduction

Introduced in the late twentieth century, sentinel lymph node biopsy (SLNB)
has become a pivotal diagnostic and therapeutic instrument in oncology. It aims to
pinpoint the first lymph nodes potentially affected by tumor metastasis, assisting in
disease staging and shaping treatment choices. The principle behind SLNB is that if
the sentinel node, being the first to encounter migrating cancer cells, test negative, a
more invasive standard lymph node dissection may not be required. Currently, there
is increasing evidence supporting the utility of SLNB as a predictive and therapeutic
tool, with varying outcomes depending on the tumor location [1, 2].

One of the earliest studies focusing on sentinel lymph nodes was conducted in
1977 when Cabanas R.M. hypothesized that the sentinel lymph node could be the
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initial node affected during the progression of penile cancer (PeCa). Given its unique
lymphatic spread patterns—where distant metastases rarely manifest without preced-
ing involvement of the inguinal LNs—PeCa has subsequently been recognized as a
promising candidate for extended SLNB investigation [3]. As a result, the EAU-ASCO
Penile Cancer Guidelines recommend SLNB for T1b or higher PeCa patients [4].

Like in PeCa, SLNB’ application in melanoma and breast cancer has shown prom-
ising results in clinical practice. In 1992, Morton et al. introduced SLNB for early-
stage melanoma, later validating its accuracy in predicting regional node metastasis
and establishing its prognostic significance for primary skin melanoma, stage T2-T3
[5, 6]. Similarly, in 1993, Krag et al. utilized radiolabeled colloid to identify sentinel
nodes in breast cancer, marking a transformative shift in breast cancer management
where sentinel lymph node biopsy (SLNB) gradually replaced routine axillary lymph
node dissection due to its lower morbidity [7, 8].

Encouraging evidence for the potential use of the sentinel lymph node concept
in the treatment of PeCa, melanoma, and breast cancer has led to intensive research
in other areas of oncological surgery. In gynecologic cancers such as endometrial,
cervical, and vulvar, emerging research suggests the potential of sentinel lymph node
staging as an alternative to traditional lymphadenectomy [9-13]. SLNB shows promise
for early-stage oropharyngeal squamous cell carcinoma for head and neck cancers but
is less established for melanoma due to complex lymphatic drainage patterns [14, 15].
The role of SLNB in other cancers, including gastric, colorectal, and lung, is still being
assessed, but preliminary findings suggest potential clinical benefits [16-18].

In urological malignancies such as kidney and bladder cancers, the significance of
SLNB remains ambiguous. The EAU-ASCO Guidelines underscore SLNB as a promising
avenue, particularly in the imaging context for muscle-invasive bladder cancer [2, 19].
For prostate cancer (PCa), SLNB is referenced in the guidelines as a research-focused
staging method, but it currently lacks robust evidence confirming its efficacy [20].

As with many cancers, the decision to undertake lymph node dissection in the
treatment of intermediate and high-risk patients is often met with uncertainty, and
this holds true for PCa as well. Despite the widespread use of extended pelvic lymph
node dissection (ePLND), a significant proportion of patients undergo this procedure
unnecessarily, as evidenced by the absence of metastatic lymph nodes in the final
pathology reports [21]. In this context, sentinel lymph node (SLN) dissection could
serve as a valuable screening tool to distinguish patients who would benefit from
ePLND from those who could safely avoid it. While SLNB in PCa shows promise,
the evidence supporting its use is not as robust as for penile, breast cancer, or mela-
noma. More clinical data need to be collected to solidify its role in prostate cancer
management.

The study aims to evaluate the technical details and efficacy of sentinel lymph
node (SLN) dissection during laparoscopic radical prostatectomy in patients
with clinically localized PCa, using indocyanine green/near-infrared (ICG/NIR)
technology.

2. Material and methods

Between 2020 and 2023, a prospective study was conducted on 60 patients diag-
nosed with PCa, as confirmed by prostate biopsy, contrast-enhanced computerized
tomography (CT) scans, bone scans. Verification of the affected areas of prostate
was conducted using multiparametric magnetic resonance imaging (mpMRI) of
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the prostate gland prior to biopsy. Inclusion criteria for the study were clinically
diagnosed and histologically confirmed localized prostate cancer, subjected to radi-
cal prostatectomy (Table 1). Patients with imaging confirmed lymphadenopathy,
history of prostatitis, transurethral resection of prostate (TURP) due to benign
prostatic hyperplasia (BPH), previous hormonal treatment were excluded from

the study. Written informed consent was obtained from all patients in accordance
with the Declaration of Helsinki. The local ethics committee was informed of this
investigation.

All patients underwent laparoscopic radical prostatectomy supplemented with
SLNs dissection, followed by standard ePLND in 45 patients with intermediate and
high-risk PCa. The remaining 15 patients, who had clinically localized low-risk PCa,
underwent only sentinel lymph node dissection.

To achieve ICG/NIR technology, we used Verdye (25 mg) Indocyanine green,
Diagnostic Green, IMAGE1 S™ 4 K Rubina™ KARL STORZ equipment. The

Index Overall (n =60) pNO (n=47) pN1(n=13)
Age at diagnosis, years, median (IQR) 65.0 (60.75;69.0) 67.0 (62.0;69.0) 62 (59.0;65.0)
PSA, ng/ml, median (IQR) 12.05 (8.04;19.25) 10.6 (742;16.36) 15.33 (11.7;32.0)
BMI, kg/rn2 median (IQR) 2734 (25.43;29.56) 26.89 (25.26;29.26) 28.73 (26.12; 30.89)
Prostate volume, cm®, median (IQR) 41.0 (34.0; 574) 38.0 (33.0;57.0) 52.0(40.0;57.0)

Risk group (No. pts., %):

Low 15 (25%) 15 (32%) 0 (0%)
Intermediate 29 (49%) 25 (52%) 5 (38%)
High 16 (26%) 8 (16%) 8 (62%)

No. removed SLNs/ Mean + SD

Overall 160 151 39
Left side 81/1.3+0.8 63/1.3+0.7 18/12+0.6
Right side 79/1.3 £+ 0.7 58/1.3+1.0 21/16 + 0.6

No. removed LNs/ Mean + SD

Left side 223/9.7 £+ 2.6 149/4.7 + 2.7 74/49 +19
Right side 243/10.6 + 2.3 158/5.7 +2.3 85/6.5+24
%ISUP grade(No. pts):

1 9 (15%) 9 (19%) -

2 28 (47%) 24 (51%) 4 (31%)

3 10 (17%) 6 (13%) 4 (31%)
4-5 13 (21%) 8 (17%) 5 (38%)

% T stage (No. pts):

2 18 (30%) 13 (34%) 6 (55%)

3a 15 (25%) 22 (56%) 4 (36%)

3b 27 (45%) 4 (10%) 1 (9%)
Table 1.

Patient parameters and pathological outcomes.
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procedure of intraprostatic ICG injection was performed in the operating room just
before the surgery began.

The patient was positioned in the lithotomy position. ICG was reconstituted immedi-
ately prior to use. To prepare the solution, 10 ml of sterile water was injected into the vial
containing 25 mg of ICG powder, resulting in a concentration of 2.5 mg/ml. The vial was
gently swirled until the ICG was completely dissolved, which typically takes 3-4 min.
After the induction of general anesthesia, intraprostatic injection of indocyanine green
(ICG) solution 2.5 mg/mL was performed using a Chiba needle 22 g under the guidance
of a transrectal ultrasound, utilizing MRI-guided cognitive fusion of the lesions.

ICG solution was injected into the area of the MRI-identified tumor and sextant
biopsy areas of the prostate (2.5 mL per lobe). Immediately following the injection,
the patient was repositioned into a standard supine position for the radical prostatec-
tomy. The positioning of the patient and trocar set-up were standard for a transperi-
toneal laparoscopic prostatectomy. Using the 25 to 30-degree Trendelenburg position,
intestinal loops are moved cranially to expose the field of the common iliac vessels
where lymph node luminescence is supposed to be determined [22]. An incision of the
peritoneum along the iliac vessels is performed. After excision of fluorescent lymph
nodes on the right and left side, the ePLND was performed in the patient with indica-
tions, followed by radical prostatectomy. All surgical procedures were performed by
the same expert senior surgeon.

Patient demographic data, body mass index (BMI), pre-operative prostate-specific
antigen (PSA) were collected for all participants. Decision for radical prostatectomy
and ePLND was based on PSA, MRI, CT, and bone scan data. Tumor characteristics and
staging were assessed through routine postoperative histopathological examination.

2.1 Data analysis

Descriptive statistics were calculated for all clinical characteristics. Continuous
variables were reported as medians (interquartile range), and categorical variables
as frequencies (percentage). Multiple linear regression was employed to model the
relationship between characteristics of interest. Two-sided p-values were reported
for all statistical tests. The likelihood of differences in categorical data was assessed
using Pearson’s Chi-square test (x2), while quantitative and ordinal data were evalu-
ated using the Mann-Whitney U test. The critical value for the level of statistical
significance (p) was set at less than 5% (p < 0.05) for all types of analyses. Statistical
analysis was performed using R version 3.5.1.

3. Results
3.1Identification of sentinel lymph nodes

Upon completion of the ICG injection, patients were positioned in a standard
supine position, and the surgical field and instruments were subsequently prepared.
The incision and insertion of the first trocar took place, on average, 8-10 minutes fol-
lowing the ICG injection. After inserting the trocars and instruments, the abdominal
cavity was examined using a near-infrared filter (Figure 1).

It was observed that the fluorescence of the lymph nodes was most commonly
situated in the area of the bifurcation of the common iliac artery. This could be clearly
seen after cranial displacement of the iliac and sigmoid colon loops. A cut is made
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Figure 1.
Visualization of lymph node luminescence. 1 — Fluovescent lymph node, 2 — Right external iliac artery,
3 — Intestinal loop.

in the peritoneum along the iliac vessels, followed by meticulous “en bloc” removal

of the fluorescence lymph nodes. To inhibit further ICG dissemination within the
lymphatic system, surgical intervention commences at the cranial boundary of the
dissection area and proceeds in a caudal direction. Adjacent lymphatic channels sur-
rounding the node are sealed off, either through bipolar coagulation or using an ultra-
sonic scalpel (Figure 2). The dissection is finalized while avoiding direct handling or
damage to the node tissue. Employing this approach mitigates the risk of ICG leakage,
thereby preventing indiscriminate luminescence in the nearby tissue (Figure 3).

In 54 cases (90%) and 57 cases (95%), SLN fluorescence was identified in the area
of the iliac vessels’ bifurcation, with minor variations of 1-1.5 cm in the medial and
lateral directions for the right and left sides, respectively. In 4 cases (7%) for the right
side and 2 cases (3%) for the left side, the SLNs were localized in the obturator fossa.
In one case for both sides, the SLNs fluorescence was found in the area near the upper
vesical artery and vein of the internal iliac vessels. In one case, fluorescence was not
identified on the right side.

Figure 2.
Dissection of ICG+ lymph node. 1 — Fluorescent lymph node, 2 — Right external iliac artery, 3 — Lymphatic vessels.
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Figure 3.
Dissection of fluorescent lymph node is finished. 1 — ICG leakage in surrounding tissue.

3.2 Time characteristics for lymphadenectomy in prostate cancer patients

The time characteristics for lymphadenectomy in patients with prostate cancer
are outlined in Table 2. In all cases, lymphadenectomy was initiated on the right side
and then transitioned to the left. On average, lymphadenectomy on the right side
commenced 14.5 (8.0; 21) minutes after the start of the surgery, and on the left side, it
commenced after 40.0 (31.0; 52.0) minutes. The mean time to locate sentinel nodes on
the right side was 27.5 (23.5; 30.0) minutes; on the left, it was 46.5 (34.5; 52.5) minutes.
The total duration for node removal based on extended lymph node dissection was 22.0
(15.05 35.0) minutes on the right and 15.5 (13.0; 23.0) minutes on the left. The time
specifically for SLNs was 6.0 (3.0; 9.0) minutes on the right and 4.0 (2.0; 6.0) minutes
on the left. The minimum duration for sentinel node excision was 1 minute, and the
maximum was 18 minutes.

The difference in duration for this stage of the operation based on the side of
the node location was not statistically significant (p > 0.05), although there was
a trend toward increased time for procedures on the right side due to anatomical
complexities and concomitant pathological processes (adhesive process) in oper-
ated patients.

Indicators Node location Right side Leftside p-value
Time of initiation, min Sentinel lymph 14.5 (8.0; 21.0) 40.0 (31.0; 52.0) NA
nodes
Other lymph 275 (23.5;30.0) 46.5 (34.5; 52.5) NA
nodes
Duration of lymph node Sentinel lymph 6.0 (3.0;9.0) 4.0 (2.0;6.0) 0.161
removal procedure, min nodes
Other lymph 14.0 (11.0; 25.0) 12.0 (9.0; 17.0) 0.300
nodes
Total, min 22.0 (15.0; 35.0) 15.5 (13.0; 23.0) 0.259
Table 2.

Average characteristics of time taken for lymphadenectomy in patients with prostate cancer, Me (25%; 75%).
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It was noted that the rate of SLN detection depended on several factors. The most
significant factor was the presence of excess adipose tissue. In this patient group,
initial visualization of the SLNs was not possible. These lymph nodes could only be
identified after incision of the parietal peritoneum and dissection of the surrounding
adipose tissue. When sentinel nodes were located in atypical areas (not in the area of
the bifurcation of the common iliac artery), the time required for their identification
increased.

We evaluate the impact of BMI on the process of localizing SLNs. It was found that
the time taken to locate these nodes directly correlates with BMI: right side (r = 0.49,
p = 0.029); left side (r = 0.47, p = 0.035) (Figure 4).

The average time to locate sentinel nodes on the right side from the start of the
operation was 27.5 (23.5; 30.0) minutes. Specifically, with a normal BMI (up to
25 kg/m?), the time is 26.0 (16.0; 28.0); for overweight BMI (up to 30 kg/m?) - 29.0
(23.0; 33.0); and for obesity stage I (up to 35 kg/mz) -29.0 (24.0; 39.0) minutes. The
average time to locate nodes on the left side was 46.5 (32.5; 52.5) minutes. In terms
of BMI: normal - 35.0 (26.0; 51.0), overweight - 47.0 (34.0; 52.0), and obesity stage
[-54.0 (40.0; 69.0) minutes (Table 3).

Unquestionably, BMI is a factor that technically complicates both open and
laparoscopic surgical interventions. However, the influence of BMI on the process
of SLN removal was statistically significant based on the collected data. Excessive
body weight technically complicates and likely increases the time required to perform
ePLND. Adhesion formation in the area adjacent to the aortic vessels led to the need
for adhesiolysis, which also increased the time to visualize sentinel nodes. However,
this factor is less significant than obesity, as it was infrequent—in 7 (11%) patients.
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Figure 4.
Correlation between time to identify SLNs on the right (A) and left (B) sides and the patient’s BMI.

BMI, kg/m’ Time, min

Right side Leftside
Normal (18.5-24.9) 26.0 (16.0;28.0) 35.0 (26.0; 51.0)
Overweight (25-29.9) 29.0 (23.0; 33.0)* 47.0 (34.0; 52.0)*
Obesity Stage I (30-34.9) 29.0 (24.0; 39.0)* 54.0 (40.0; 69.0)*

*p < 0.05 compared to the normal range.

Table 3.
Average time to locate SLNs from the start of surgery based on BMI, Me (25%; 75%).
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3.3 Pathohistological assessment

Identification and removal of SLNs were conducted in 60 patients. In 45 patients
categorized as intermediate and high-risk according to the EAU risk group clas-
sification, extended lymphadenectomy was performed. A total of 160 SLNs were
identified in these 60 patients, with 81 located on the left side and 79 on the right. In
the 45 patients who underwent extended lymphadenectomy, 466 lymph nodes were
removed: 223 on the left side and 243 on the right, with averages of 9.69 + 2.61 and
10.56 + 2.3, respectively.

Regional lymph node metastases were observed among the patients studied in
12 cases (12%), predominantly in those with pT3 stage disease. On the left side, the
number of identified SLNs ranged from 0 to 3, averaging 1.35 + 0.78. On the right,
the range was from 0 (in 3 cases) to 3, with an average of 1.32 + 0.65. There was no
statistical difference between the two sides (p = 0.683).

Histological examination revealed no metastatic lymph node involvement in
patients from the low-risk group where only SLNs were removed. In the remaining
45 patients, SLN involvement was found in 12 cases (22%) or in 17 out of the 160
removed SLNs (11%). Of these, 10 cases showed unilateral SLN involvement, while 2
exhibited bilateral involvement. In 4 of these 12 specific cases, isolated SLN involve-
ment was observed, whereas in 8 cases, metastatic involvement had spread to other
lymph nodes removed during extended lymphadenectomy. In one patient, a non-SLN
showed involvement, but SLN involvement was not observed.

To evaluate the predictive capability of sentinel metastases for anticipating
regional lymph node metastases, a chi-square test was conducted. The test revealed a
specificity (Sp) of 90%, sensitivity (Se) of 80%, positive predictive value (PPV) of
61.5%, and negative predictive value (NPV) of 95.7%.

&

RESULTS

SLN identification Time to locate SLN

Inclusion criteria

ICG injection

correlates with BMI
right side (r = 0.49, p = 0.029)
left side (r = 0.47, p = 0.035)

+ histologically confirmed
localized PCa

2.5mg/mL iliac vessels bifurcation
right — 54 (90%)

left = 57 (95%)

2.5mL per lobe
MRI+Ultrasound

obturator fossa
right - 4 (7%) { \

left— 2 (3%) Diagnostic outcomes
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» lymphadenopathy
o prostatitis

« TURP
« hormonal treatment Se-80%, Sp-90%,
PPV - 61.5%, NPV -95.7%

Lymph nodes dissection

SLN dissection Complications

(low risk, n=15)
Clavien-Dindo Il
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( intermediate, high risk, n=45) n=5(11%)

Figure 5.
Study design and obtained results.
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In our study, 5 patients (11%) experienced complications categorized as Clavien-
Dindo Grade II. Specifically, these patients exhibited prolonged lymphorrhoea, neces-
sitating an extended drainage duration without the need for additional procedures.
Notably, these complications were observed exclusively in patients who underwent
ePLND. Given these findings, the potential to reduce ePLND-associated complications
by assessing SLN presents an appealing surgical option for patients with prostate cancer.

A concise overview of the study design and the results obtained is illustrated in
Figure 5.

4. Discussion

Our study focuses on exploring the capabilities of SLN biopsy exclusively using
ICG technology. Currently, many studies for SLN verification employ magnetic and
radioactive markers, each with its advantages and disadvantages, as well as their com-
bined use with ICG [23]. Jeschke S. et al. found that ICG performed as well as 99mTc,
and combining the two substances did not yield significantly better results than ICG
alone. Utilizing the outlined fluorescence navigation method allows for real-time visu-
alization of both lymph nodes and lymphatic vessels. This technique appears to offer
comparable effectiveness to SLN dissection while being simpler to implement [22].

The procedure for injecting ICG into the prostate gland to identify SLNSs is not
standardized. Various methods for ICG injection have been described, including
transrectal, transperineal, percutaneous intraoperative, and cystoscopic approaches.
A study by Manny et al. compared these methods and found that robot-guided
percutaneous ICG injection into the prostate was the most cost- and time-effective
option [24]. Previously noted limitations of ultrasound in visualizing prostate
lesions [25-27] have been overcome by combining it with MRI data. The use of MRI
capability to visualize the zonal anatomy of the prostate and tumor foci, as described
by the Prostate Imaging Reporting and Data System (PIRADS) version 2, has led to
the fusion of MR images with real-time transrectal ultrasound to improve biopsy
accuracy in diagnosing prostate cancer [28]. This technique has provided a more
accurate solution for tracer injection into the affected zone of the prostate, thereby
reducing the value of percutaneous ICG injection, which does not offer this capabil-
ity. According to the FUTURE study, the existing three techniques—MRI-transrectal
ultrasound (TRUS) fusion, cognitive registration, or in-bore MRI—have roughly
equivalent diagnostic capabilities [29]. For preoperative use, the most cost- and time-
effective option is the cognitive method, which we employed in our study.

In our study, we successfully employed transrectal injection of ICG, which was not
accompanied by adverse side effects. By utilizing exclusion criteria such as a history
of chronic prostatitis, which leads to prostate gland sclerosis, and prior transurethral
resection of the prostate (TURP), the likelihood of ICG extravasation and inadequate
distribution within the prostate tissue was reduced. Transrectal and transperineal
tracer injections are currently being used [30, 31]. However, the preference is increas-
ingly leaning toward the transperineal method under ultrasound guidance. This is
because the needle is introduced parallel to the axis of the peripheral zone, allowing
for the complete application of the tracer within this area without risk of extravasa-
tion. Additionally, this approach substantially reduces the risk of infection [32].

In the scientific literature, various methods of tracer injection into the prostate
gland are described, primarily targeting the peripheral zone and focusing on the
basal and apical portions, including the transitional zone. Buckle T et al. found that
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injecting ICG into the peripheral zone led to the visualization of a greater number of
SLNs than injecting into the prostate’s central zone. This suggests that the location of
intraprostatic tracer deposition may influence the preoperatively visualized lymphatic
drainage [27].

Given the variability in tracer deposition, there is ongoing debate about whether
to employ intraprostatic or intralesional tracer injections. Prostate cancer is gener-
ally a multifocal disease, predominantly originating in the peripheral zone. A recent
randomized Phase II trial by Wit et al. revealed that intralesional injections were
more effective in detecting lymph node metastases in the final pathology report.
However, this technique failed to identify positive lymph nodes arising from dif-
fuse or non-index prostatic lesions. Therefore, it is concluded that an optimal tracer
administration strategy would likely involve a combination of both intraprostatic and
intralesional approaches [33].

According to published data, the volume of ICG injected into the prostate gland
varies, ranging from 0.1 to 1 mL per injection site, with concentrations varying
from 0.1 to 1 mg/mL [27, 30, 32, 34]. There is currently no information favoring
one approach over the others. From this perspective, reducing the concentration of
the agent and increasing its volume aligns with the concept that the agent should be
introduced not only into the areas of lesions identified by MRI but also into other
parts of the prostate. Consequently, we chose the method proposed by Hruby et al.,
which involves the injection of a 0.1 mg/mL ICG solution at a volume of 2.5 mL per
lobe, divided into 3 locations [32].

The time parameters of ICG distribution within the lymphatic drainage of the
prostate gland remain poorly defined. According to published literature, ICG dis-
perses relatively quickly—within 5 to 30 minutes—through the prostate’s lymphatic
system due to the small molecular size of ICG [24, 32, 35, 36]. Therefore, precise iden-
tification of SLNs appears to be challenging. We monitored the timing of lymph node
detection and excision, displaying luminescence features by sequentially performing
the procedure first on the left side and then on the right. The time for the completion
of the procedure varied within one hour from the moment of ICG injection to the
start of surgical intervention. In this context, we found no significant differences in
either the localization of the removed lymph nodes or their numbers, which were
largely consistent with data reported by other authors [22, 36, 37].

The most significant factor influencing the speed of detection and removal of
SLNs was the presence of obesity. This aligns with data from Stoffels et al., who
demonstrated in a prospective study comparing ICG to 99mTc in melanoma patients
that free-ICG has a tissue penetration depth of only 10-15 mm. This limits its ability
to detect lymphatic structures that extend into deeper tissues, a limitation attributed
to ICG’s inherently low fluorescence and the strong attenuation of low-energy NIRF
in tissue [38].

The data we obtained regarding the predictive features of SLNB align with the
broader picture presented by other authors for ICG technology and its combination
with 99mTc-nanocolloid, as analyzed by Rossin et al. The “per patient” Se ranged
from 75 to 100%, NPV from 93.8-100%, with false negatives (FN) at 0.0%, and false
positives (FP) at 0.0%. On a “per node” basis, Se ranged from 34.1-100%, Sp from
64.8-99.0%, and NPV from 98.1-98.2% [23]. It is worth noting that these metrics
could be influenced by the method of tracer injection into the prostate gland.

Time parameters can also impact the identification of sentinel nodes. The longer
the time elapsed since the injection of ICG, the greater the likelihood of its spreading
to lymph nodes of the second and third tiers. While this allows for better identification
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of the lymphatic drainage pathways from the prostate, it decreases the likelihood of
accurately identifying SLNs. Based on ICG lymphography data, five main potential
lymphatic pathways and sites can be distinguished: an internal route, a lateral route, a
presacral route, a paravesical artery site, and a pre-prostatic site [30, 39].

Hruby et al. showed that the excision of ICG-positive lymph node groups resulted
in increased Se (97.7%), NPV (99%), and accuracy (71%), while decreasing the false-
negative rate (2%) when compared to extended and super-extended PLND. The use
of fluorescence-guided pelvic lymph node dissection enhances the reliable identifi-
cation of the prostate’s lymphatic drainage. Concentrating solely on nodes directly
draining the prostate reduces the number of nodes excised, yet diagnostic precision is
elevated. Additionally, this technique obviates the need to distinguish between initial
receiving sites (sentinel nodes) and subsequent tiers, a task that can be challenging
but is crucial in traditional sentinel node concepts [32].

5. Conclusions

The study suggests that SLN dissection is an effective, safe, and feasible approach
for preoperative clinical nodal staging in prostate cancer patients, offering a viable
approach for those with intermediate and high-risk PCa. Factors such as BMI were
found to influence the time taken to locate the SLNs, which can affect the surgical
process. The issue of accurately identifying SLNSs for the prostate remains controver-
sial and requires further research to clarify anatomical and temporal parameters of
lymph node dissection.
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Chapter 6

Exploring the Role of the
Lymphatic System in Immune
Regulation: Implications for
Autoimmunity, Cancer,

and Infection

Mayrzieh Novouzian and Soghra Abdi

Abstract

The lymphatic system is the immune system’s transport network (lymphatic
vessels and lymph) that collects microbial antigens at the entrance and delivers them
to the lymph nodes, where specific immune responses are stimulated. The lymphatic
system maintains peripheral tolerance under normal conditions and rapidly develops
protective immunity against foreign antigens after stimulation. Available evidence
indicates that lymphatic function can be altered in various disease states such as
cancer, infectious diseases, and autoimmunity. Many pathological conditions induce
lymphangiogenesis, which is thought to provide an extensive lymphatic network that
allows antigens and fluids to have greater access to the lymphatics. However, the role
of lymphangiogenesis and lymphatic dysfunction in immune regulation is unclear.
Understanding the causes of lymphatic dysfunction in pathological diseases will
help develop new therapeutic approaches targeting the lymphatic system in various
diseases. This chapter summarizes current knowledge about how lymphatic func-
tion is altered in autoimmune conditions, cancer, and infectious diseases, and how it
modulates the immune response.

Keywords: lymphatic function, immune regulation, cancer, autoimmunity, infection

1. Introduction

One component of the circulatory system is the lymphatic system, which plays an
important role in both immunological function and the drainage of excess extracellu-
lar fluid. The lymphatic system is also considered part of the circulatory and immune
systems. The role of the lymphatic system is to regulate the body’s fluid balance and
filter pathogens from the blood, complementing the functions of the bloodstream. A
complex network of lymphatic vessels connecting the local tissue site with second-
ary lymphatic organs such as lymph nodes, spleen, and mucosal lymphoid tissues
constitutes the peripheral lymphatic system [1]. The peripheral lymphatic system is
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the main route for leukocyte transfer and antigen presentation. However, there is a
broader view of how the lymphatic system influences immune responses beyond the
physical connection between peripheral tissues and secondary lymphoid organs.

The lymphatic vessels, which provide structural and functional support for the
distribution of antigens and antigen-presenting cells to drain lymph nodes, are known
to be involved in an immune response. The lymphatic vasculature plays a critical role
in maintaining peripheral tolerance or generating a protective immune response to
infection or vaccination [2].

The immune system is regulated at several levels, both actively and passively.

The active mechanism for regulating the immune response in the lymphatic system

is to regulate the entry and migration of immune cells, expression of cytokines,
chemokines, and adhesion molecules by lymphatic endothelial cells (LECs) [3]. LECs
are specialized subsets of the endothelium of lymphatic vessels in tissues and lymph
nodes that are essential for maintaining vascular integrity and proper lymphatic func-
tion. LECs in lymphatic vessels and lymph nodes provide a highly efficient pathway
for initiating immune responses. LECs can recruit immune cells such as B cells, T
cells, and dendritic cells (DCs) to the lymph nodes through the secretion of various
chemokines and play a role in antigen presentation or exchange. Recruitment of
immune cells is beneficial for the coordination of expansion and contraction of LECs
and lymph nodes [3]. Recent studies have shown that cell surface molecules like PDL1
and interferon receptors are essential for the coordination of LEC division and death.
During homeostasis, lymphatic endothelial cells play a role in immune regulation and
tolerance induction through upregulation of PD-L1 expression and the absence of
costimulatory molecules. In addition, after infection with or vaccination of viruses,
LECs may be capable of obtaining, presenting, and exchanging foreign antigens [4].
However, in chronic disease, significant phenotypic changes in lymphatic endo-
thelium due to transcription factor gene alterations have been reported [5]. There
seems to be a need for more research into inflammation causing changes in lymphatic
junctions, which are thought to influence immunological cell trafficking and the
resolution of tissue inflammation.

Lymphoedema is the most obvious example of lymphatic and immune dysfunc-
tion interacting. During the progression of lymphoedema, the fluid build-up and
congestion lead to several tissue changes, such as fibrosis and chronic inflammation.
These changes, combined with the inability to deliver antigen and antigen-presenting
cells to the lymph node, lead to a progressive decline in local immune function [6-8].

Under normal conditions, the lymphatic system is involved in controlling
inflammatory responses and in maintaining tolerance. Not surprisingly, lymphatic
dysfunction is associated with inflammation, cancer development and metastasis,
infectious diseases, and sepsis, as the lymphatic system plays an important role in
many physiological processes [9]. Many serious complications and abnormalities
in the lymphatic system have recently been shown to be associated with changes in
lymphatic transport function and lymphoid regulation of immune responses [6]. A
wide range of diseases results in lymphangiogenesis, which can lead to an enlarged
lymphatic network, allowing greater access for antigens and fluids into the lymphatic
vessels. During inflammation and the progression of cancer, the growth of lymphatic
vessels is often observed as lymphangiogenesis in the lymphatic capillaries and also
in the lymph nodes. An enlarged lymphatic network appears to provide a greater
surface area for fluid or cell entry into the lymphatic vessels [10, 11]. In any disease
state, lymphatic function is also altered. However, the role of lymphangiogenesis and
altered lymphatic function in regulating the immune system remains to be elucidated.
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The authors focus on cancer, autoimmunity, and infectious diseases in the review due
to the following motivations:

1. Disease prevalence: Cancer, autoimmunity, and infectious diseases are signifi-
cant health concerns globally, affecting a large number of individuals.

2.Impact on lymphatic system: These diseases have been observed to induce
alterations in lymphatic function, including lymphangiogenesis and lymphatic
dysfunction.

3.Immune response modulation: Understanding how the lymphatic system is af-
fected in these diseases can provide insights into how it modulates the immune
response, which is crucial for developing effective therapeutic approaches.

4. Clinical relevance: By studying the lymphatic system’s role in cancer, autoimmu-
nity, and infectious diseases, researchers can potentially identify new targets for
therapeutic interventions and improve patient outcomes.

Overall, the focus on these specific diseases allows for a comprehensive under-
standing of how lymphatic function is altered and its implications for immune regula-
tion in various pathological conditions.

2. Immunological function of the lymphatic system in pathological
conditions

The lymphatic system may be affected by a variety of conditions. Some occur
during development or early childhood. Other diseases or injuries have caused the
development of others [12]. Some of the most common problems in the lymphatic
system include infections, blockage, and cancer [13]. The question of how lymphoid
function or dysfunction contributes to the disruption of immunological homeostasis
has been a long-standing topic in the field due to their diverse roles in regulating
leukocyte trafficking and function. Here is a review of the immunological role of the
lymphatic system in pathological conditions including cancer, autoimmunity, and
infectious disease (Figure1).

2.1 Cancer

The tumor microenvironment is a complex and dynamic network composed of
cellular and noncellular components. Cancer-associated fibroblasts and infiltrating
immune cells constitute tumor stroma and are critical components of the tumor
microenvironment. Through various cytokines, chemokines, growth factors, and the
release of extracellular matrix (ECM) proteins, the cellular components of the tumor
microenvironment form a complex crosstalk with the tumor [14].

In many types of tumors, the inflamed microenvironment, in combination with
biochemical factors such as low oxygen concentration, contributes to tumorigenesis,
angiogenesis, and lymphangiogenesis. These factors cause immune cell dysregulation
through different mechanisms including apoptosis of cytotoxic T cells and activation
of suppressor T cells [15-17]. Cancer-induced lymphangiogenesis contributes to an
expanded lymphatic network that increases the delivery of molecular and cellular

69



Lymphatic System — From Human Anatomy to Clinical Practice

Lymphatic system
Cancer . Infectious disease
Lymphangiogenes: s /"—_" / * Lymphangiogenesis

« Lymphadenitis
« Lymphadenopathy
* lymphatic remodeling

= TDLNs undes ructural and ]
cellularc

. Formation of TLS

Autoimmunity

Lymphangiogenesis

* Alerations in lymphatic vessel
phenotype and function

s Enlarged lymph nodes

Figure 1.
A schematic diagram summariging the effects of various pathological conditions on the lymphatic system. LECs:
Lymphatic endothelial cells. TDLNs: Tumor-draining lymph nodes. TLS: Tertiary lymphoid structures.

components to the draining lymph node. Before tumor seeding, lymphangiogenesis
of the lymph nodes (LNs) is established and supports the initial regional metastatic
progression. Indeed, lymphangiogenesis has been correlated with lymph node
involvement and a poor prognosis in patients with cancer [11].

Immune tolerance to primary tumors may be the cause of poor prognosis in
patients with lymph node metastases. However, the nature of these effects is not
well defined. Peripheral tolerance may occur due to chronic inflammation mediators
caused by cancer, tumor proliferation factors, or tumor antigens from apoptotic
tumor cells. In addition, lymphatic endothelial cells can present tumor antigens
and induce immune tolerance. Several studies have reported the immunomodula-
tory effect of the lymphatic endothelium in the tumor microenvironment [18]. The
release of a number of suppressive cytokines and chemokines and the expression
of inhibitory molecules by lymphatic endothelium create an immunosuppressive
microenvironment that leads to the inhibition of dendritic cell maturation and the
induction of T-cell tolerance, further suppressing anti-tumor immunity and facilitat-
ing tumor escape from the immune system, followed by its growth and metastasis
[19, 20]. It is well established that lymphatic endothelial cells are competent to
present antigens and have the ability to induce tolerance of tumor-specific T cells. In
human and murine models of melanoma and breast cancer, LECs have been shown
to present tumor-associated antigens (TAAs) to CD4+ and CD8+ T cells and induce
their suppression. LECs are also able to induce reduced CD86 expression on den-
dritic cells [21-23]. A study using melanoma and colon cancer cell lines has shown
that IFN-y expression in tumor-specific CD8+ T cells induces PD-L1 expression in
lymphatic endothelial cells [19]. This leads to functional impairment of T cells in
tumor cell lysis. These findings, together with the observation that LECs increase the
suppressive function of regulatory T cells [20], lead to the conclusion that LECs play
an immunosuppressive role in the breast cancer microenvironment.

As lymphangiogenesis or immune modulation by lymphatic vessels appears to occur
both locally and, in the tumor-draining lymph nodes, it is currently not possible to
determine the relative importance of a process occurring at either site for tumor progres-
sion. The first sites where tumor-specific immune cells respond to tumor antigens are the
draining lymph nodes. This occurs in the early stages of most cancers [24]. Sentinel LNs
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have attracted more attention because they are the first LNs to drain the tumor bed and
are therefore expected to be the first site of tumor metastasis [25]. The presence of tumor
cells in lymph nodes is considered evidence of the escape of the tumor from immune
surveillance. Lymph nodes are specialized structures for the development of either cell-
mediated or humoral immune responses [26].

The existence of tumor-specific effector T cells and immunosuppressive cells has
been shown in tumor-draining lymph nodes [27]. The delicate balance between effec-
tor and regulatory T cells is suggested to be important in determining the outcome of
immune responses to tumors [28]. On the other hand, in mouse models of cancer, B
cells accounted for one-third of the lymphocyte population in tumor-draining lymph
nodes [29], suggesting that B cells have crucial roles in the formation and/or modula-
tion of anti-tumor immunity.

The three steps of immune surveillance - elimination, equilibrium, and escape - also
take place in tumor draining lymph nodes (TDLNs) with LN involvement, which typi-
cally represents the escape route for the tumor [30]. Therefore, TDLNs are strategic for
both anti-tumor responses and tumor metastasis. An important and still unanswered
question is how an arsenal of immune cells can be so overwhelmed by tumor cells that
they are eventually completely overpowered by them and become a major pathway for
their spread. By analyzing the cellular composition and immune responses at different
stages of cancer progression, researchers have sought to answer this question. Indeed,
they found that when exposed to tumor products or tumor invasion, TDLNs undergo
structural and cellular changes, usually favoring further tumor progression [31-34].
According to this, investigation of the immune status of TDLN may help us under-
stand the mechanism of immunosuppression associated with cancer patients. Several
researchers studied the “immunomorphology” of draining lymph nodes of tumors by
using hematoxylin and eosin staining and their association with disease parameters and
outcomes [35, 36]. For example, head and neck cancer patients who have lymphocytic
predominance in the draining lymph nodes have a lower risk of metastatic disease,
whereas those who have germinal center predominance have a higher risk of metastatic
disease [36, 37].

In addition, flow cytometry data showed a significant decrease in CD8+ T cell
frequency in lymph nodes from head and neck cancer patients compared with
control LNs [38]. The mechanisms responsible for this change may be complicated;
however, the immunosuppressive effects mediated by tumor-associated factors,
cytokines, and selective depletion of CD8+ T cells as a result of chronic antigenic
stimulation might be important [38, 39]. In fact, suppression of the immune
responses within TDLNS is a critical step for nodal invasion [27, 40]. It was shown
that immunosuppressive events occur in regional LNs in melanoma even before
nodal metastasis [41]. A comparison of the frequency of CD8+ T cells in TDLNs of
melanoma patients with dormant and infectious inflamed LNs revealed that CD8+
T cells are decreased in both metastatic and nonmetastatic LNs. Furthermore, no
difference was found in the expression of CD4, CD8, CD14, CD40, CD86, CD123,
HLA-DR, and IL-10 in metastatic and nonmetastatic LNs of melanoma patients
[41]. A similar observation was reported in breast cancer; CD4+ and CD8+ T cells
were significantly decreased in sentinel (SLNs) and axillary (ALNs) lymph nodes
of breast cancer patients compared to controls. A decrease in CD1a DCs in SLNs
was also reported. The interesting finding was that the frequency of CD4+ T cells
was reduced even in nonmetastatic ALNs, further supporting the idea that changes
in the immune profile of TDLNs are dynamic and may precede nodal involvement.
Another finding of the study was the association between the percentage of CD4+
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T cells and DCs in ALNs and patients’ disease-free survival, independent of nodal
involvement [42].

In situations of chronic inflammation, organized lymphoid structures containing
DCs, T cells, and B cells are formed in nonlymphoid tissues, called tertiary lymphoid
structures (TLS), similar to those seen in secondary lymphoid tissues [43]. The func-
tion of these TLS is probably to provide primary and local defense against microbes,
and their constituent cells will disappear once the pathogen has been eliminated. TLS
is seen in autoimmune and infectious diseases, graft rejection, and cancer at the site of
inflammation. However, TLS has been shown to be a feature of autoimmune disease,
where the large number of adaptive immune cells in these structures can exacerbate
autoimmune disease [44]. On the other hand, TLS may play a role in cancer progression
in the context of chronic inflammation, but it has been suggested that adaptive anti-
tumor immune responses can be generated in TLS [45, 46]. In nonsmall cell lung cancer
(NSCLC), TLSs are found in tumor tissues and are composed of mature DCs and T cells
which are located adjacent to follicles containing GC B cells and FDCs. DC density in
these TLS was reported to be a positive prognostic indicator in NSCLC patients [47].
TLSs are reported to be present in tumor tissues of breast cancer and the presence of
Tth cells in TLSs has been associated with better disease outcome. However, a recent
study showed that breast cancer tissues usually contained TLS, but the presence of TLS
was associated with high grade and aggressive form of the tumor [48].

Lymphangiogenesis process could be targeted by monoclonal antibodies (mAbs)
including bevacizumab (anti-VEGF antibody), cediranib (anti-VEGFR antibody)
alone, or in combination with kinase inhibitors. However, some clinical trials of
anti-lymphangiogenic therapy for solid tumors failed to show an advantage in these
patients [49]. In addition to lymphangiogenesis inhibitors, other approaches have
been proposed in an attempt to target the lymphatic system. Given that TDLNs play
a key role in generating an anti-tumor immune response and have also been shown to
be important in suppressing tumor immunity, the most effective treatments are those
that aim to tip the balance toward more effective T-cell responses. Further in vitro
and in vivo studies are needed to determine whether immunotherapeutic approaches
such as tumor-specific T-cell activation, elimination of immunosuppressive pathways,
or a combination of these approaches have a blocking effect on tumor growth and
metastasis.

Some strategies target tumor or tumor-draining LNs to circumvent tumor-induced
immune suppression. Immunostimulatory strategies such as targeting CD40, Toll-like
receptor (TLR) ligands, CTLA-4, PD-1 or using inflammatory or pro-inflammatory
cytokines (IL-12, TNF-a, IFN-a or IL-2) have been used systemically in experimental
models and clinical trials [50, 51]. Preclinical studies and clinical trials have shown
that most of these therapies can enhance innate and/or adaptive immunity against
tumors [52]. However, systemic approaches have several side effects, including severe
toxicity due to systemic activation of the immune system [53].

2.2 Autoimmunity

The lymphatic system has not been the subject of much research about autoim-
mune diseases. The lymphatic system is a network of low-pressure vessels that
provide a pathway for intercellular fluid to return to the blood vessel network. There
is a network of lymphatic vessels throughout the body. In addition to returning inter-
cellular fluid to the circulatory system, the lymphatic system also performs important
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immune functions in the body to keep tissues healthy and functioning properly [2].
The lymphatic vasculature is more conducive to immune induction and tolerance than
the blood vasculature in peripheral tissues, which draws leukocytes from contami-
nated sites for effector functions. The lymphatic vessels are considered an important
element of the immune system, not only in maintaining tissue fluid homeostasis but
also in transporting antigens from the periphery to the lymph nodes, where lympho-
cytes are activated, expanded and ultimately transported to the site of inflammation
or infection. In addition to the transport of lymphoid and immune cells, the lymphoid
system is directly involved in the regulation of the immune system and the induction
of tolerance to self-antigens [2, 54].

The ability of LECs to influence the activity of immune cells through a variety of
mechanisms has been clearly demonstrated in recent studies. LECs secrete a wide
range of cytokines to regulate the immune system. LEC-derived TGF-f has been
reported to be a suppressor of dendritic cell maturation [55]. Increased IL-7 produc-
tion by LECs can lead to the expansion of regulatory T cells, enhancing their immu-
noregulatory function [56]. LECs direct lymphocytes and DCs to infiltrate or exit
the lymph nodes, while inflammation increases their ability to recruit cells. Through
high levels of PD-L1 expression and their lack of costimulatory molecules, LEC also
ensures that CD8 T cells are able to tolerate peripheral tissue antigens. Understanding
how T-cell fate is influenced by other inhibitory molecules expressed in LEC will be
extremely interesting. In addition, knowing whether LEC is able to induce CD4 T-cell
tolerance or serves as a reservoir of peripheral tissue antigen in DC for presentation
will provide more certainty about the general immunoregulatory role of LEC [57].

Alterations in the lymphatic system have also been observed in most autoimmune
diseases, particularly in terms of lymphatic vessel phenotype and patterns of denovo
lymphangiogenesis. For instance, in psoriasis, an autoimmune and inflammatory skin
condition, many changes in the peripheral lymphatic system have been shown to play
an important role in causing the disease to develop [58]. Interestingly, lymphatic ves-
sels have shown the ability to modulate their expression of key immune mediators in
response to most cytokines involved in the pathogenesis of psoriasis, including IL-27
or TNF-a [59, 60].

In the case of rheumatic autoimmune diseases, there is some evidence to suggest
that lymphatic dysfunction may be a contributing factor in the development of these
diseases [61]. This is due to the role of the lymphatic system in the immune system.
One of the most studied autoimmune diseases regarding the role of the lymphatic
system is rheumatoid arthritis (RA). RA is a chronic inflammatory disease. It causes
pain, swelling, and stiffness (reduced flexibility) in the joints. It is a type of arthritis
that occurs when the body’s immune system mistakenly attacks our joints, destroying
and inflaming them [62]. The local lymphatic system is said to undergo two stages
of change in association with the general inflammation of rheumatoid arthritis. In
response to early rheumatoid arthritis or synovitis, lymphoid tissues undergo an
“enlargement” phase, which increases their capacity to remove cellular debris and
inflammatory cells from the site of infection, either through lymphangiogenesis or
through increased vascular contraction frequency. During this expansion phase, in
addition to changes in the lymphatic vessels, the draining lymph nodes themselves
also expand characterized by a high infiltration of IgM+ CD23+ CD21hiCD1dhi B cells
[63, 64]. This enlarged lymph node in the popliteal area may be a useful marker for
the detection of arthritis in the early stages of disease activity. Based on RA model
studies, an acute arthritis flare in the early stages of the disease has been observed,
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with increased lymphatic drainage from inflamed joints to enlarged draining lymph
nodes. After a prolonged period of expansion, a stochastic event leads to the asym-
metric collapse of LNs and lymphatics. In the collapsed phase, the local lymphatic
system collapses, causing a loss of lymphatic flow and a reduction in lymphatic
clearance. Coordinated with the collapse, B cells migrate from the follicle into the
sinuses. B cell depletion therapy reduces arthritis flares by eliminating these B cells
and improving passive lymphatic drainage from inflamed joints [65, 66].

Lupus is a type of autoimmune disease in which the body’s immune system attacks
its tissues and organs. These attacks cause inflammation, swelling, and damage to dif-
ferent parts of the body, such as the joints, skin, kidneys, blood, heart, and lungs [67].
It is not well understood how the lymphatic system is related to lupus. However, the
lymphatic vessels may expand and contract more easily than normal when an attempt
is made to remove inflammatory cells in lupus, just as they do in other autoimmune
diseases such as rheumatoid arthritis or scleroderma. The lymph nodes also enlarge
due to the accumulation and filtration of lymph, resulting in the formation of inflam-
matory cells and fluid. This can lead to an increase in joint swelling and pain as the
fluid volume builds up [68, 69]. Although the nodes do not always become enlarged,
they can become swollen during periods of high disease activity or lupus flares. There
have been cases of lymph leakage from the lymphatic system into the abdomen and
upper spine in people with lupus. Lymphatic blockage or other abnormalities in the
flow of lymph fluid may be the cause [68-70]. More needs to be known about what is
going on here. The data show that lymphatic dysfunction is a factor contributing to
photosensitivity in murine lupus and can even be alleviated by improving lymphatic
flow with manual lymphatic drainage (MLD) [68]. The causes of lymphoedema in
murine lupus and the mechanisms for reduced photosensitivity through improved
lymphatic drainage will be investigated in future studies. Altering the lymphatic
system may be a novel target for new drugs if similar immune circuit defects occur in
patients with SLE.

Scleroderma is a chronic autoimmune disease that causes thickening and harden-
ing of the skin, scarring, and damage to internal organs such as the heart and blood
vessels, lungs, stomach, and kidneys. Scleroderma is caused by the overproduction
and accumulation of collagen in the body’s tissues [71]. Collagen is a type of protein
fiber that makes up the body’s connective tissues, including the skin. It is difficult
to understand what causes the disease, but defects in vascular and cellular function
are thought to be key driving factors. In the study of vascular dysfunction, blood
endothelial cells have been highlighted, whereas lymphatic endothelial cells (LECs)
have been much less studied. Skin samples from patients with scleroderma have been
shown to be indicative of lymphatic dysfunction, based on studies conducted in 1999
by Leu et al. [72]. There has also been evidence of lymphatic changes in other diseases
associated with fibrosis [73]. It also suggests that lymphatic dysfunction might be a
therapeutic target for scleroderma.

With a better understanding of how the lymph system is affected, it is important
to test approaches that can help treat lymph problems. There are several forms of
manual therapy and manual lymphatic drainage (MLD) is one of them. Lymphatic
massage is one of the most sensitive and important types of massage and is the
drainage of lymph. Lymph drainage improves the function of the body’s lymphatic
system and increases its efficiency. For example, people with scleroderma have
edema, which is caused by fluid accumulation, and MLD has been shown to reduce
swelling and have an effect on hand function [74]. Likewise, lymphatic dry brush-
ing is recommended to reduce lymphatic congestion by reducing fluid accumulation
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and inflammation. This 5000-year-old technique is based on ancient Ayurvedic
medicine in India [75].

2.3 Inflammation and infection

The lymphatic system removes infections and maintains a balance of fluids in
the body. Abnormalities in lymphatic function are the cause of the disease, which is
often characterized by reduced lymph flow and swelling in the affected limbs such as
lymphedema, which can have immune-deficiency consequences. Infectious diseases
are the main cause of acquired lymphoedema [76]. Despite the strong association
between infection and lymphoedema, it is not well understood whether the lymphatic
system is involved in the pathogenesis of bacterial infections or how it responds to
microbial and viral infections.

Infections can also cause other problems with the lymphatic system, which are
divided into two groups according to the site of damage: lymphadenitis or lymph-
adenopathy, which affects the lymph nodes, and lymphangitis, which affects the
lymphatic vessels [77].

The lymph nodes play an important role in the immune system’s response to
infection. Swollen lymph nodes are usually the result of a bacterial or viral infec-
tion. Several factors can cause lymph nodes to swell, including colds, flu, ear infec-
tions, tuberculosis, and strep throat [78]. In rare cases, this swelling can be caused
by more serious conditions such as lymphoma. The amount of swelling depends on
the severity of the infection or inflammation. The more serious the condition, the
more swollen and painful the gland will be. Swollen lymph nodes can also be a sign
of an autoimmune disease, such as rheumatoid arthritis and lupus, or an unusual
infection, such as mononucleosis and AIDS. These diseases involve the immune
system in all parts of the body and cause an accumulation of lymphocytes in the
lymph nodes [54, 77].

Inflammation or infection has been associated with an increase in the number of
dendritic cells that leave the site of disease and enter the afferent lymphatic vessels
through the induction of chemokine receptors and adhesion molecules. The lym-
phatic system uses chemokines and counter receptors to regulate the circulation of
immune cells within the lymph node [79]. In the inflamed lymph node, there is an
increase in the mobilization of immune cells into the gland and a temporary decrease
in lymphocytes, leaving the draining lymph nodes. These inflammatory changes,
together with the highly specialized architecture of the lymph nodes, increase the
likelihood of antigen presentation to the cognate lymphocyte [80]. During inflamma-
tion, the immune cells of the draining lymph node undergo changes in both pheno-
type and function [81]. In response to TNF-a stimuli, dendritic cells have been shown
to upregulate MHC class II and the costimulatory molecules and downregulate the
chemokine receptors, which contribute to the recruitment of leukocytes to the tissue
[82]. In order to selectively increase the lymphatic trafficking of specific immune
cells, the transcriptional profile of the lymphatic endothelial cells may also be altered
[83]. In a study of human dermal LECs, LECs were shown to release exosomes that
cluster around lymphatic vessels under inflammatory conditions and promote
dendritic cell migration to lymph nodes [84]. The interaction of LECs with DCs has
been studied, and the results show that cooperation between TNF-stimulated LECs
and DCs through aMp2 integrin: ICAM-1 interaction causes downregulation of the
costimulatory molecule CD86 on DCs, which can lead to impairment of dendritic cells
in activating T cells (Figure 2) [23].
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Figure 2.

Schematic showing how lymphatic endothelial cells (LECs) intevact with dendritic cells (DCs) and T cells in
chronic inflammation (e.g., cancer/infection/autoimmunity). LECs acquive/exchange antigens. Transcviption
factor gene variations affect lymphatic endothelium phenotype. IFN-y induces PD-L1 expression in LECs from
antigen-specific CD8+ T cells. LECs induce reduced CD86 expression on DCs via TGF-p, impairing T-cell
function and promoting immune tolerance.

Changes in lymphatic endothelial cell junction are also induced by inflammation.
In endothelial cells of collecting lymphatic vessels, replacement of zipper junctions
by button junctions was observed sometime after inflammation-induced mycoplasma
infection and treatment with corticosteroids (anti-inflammatory drugs) could reverse
these junctional changes [85]. These changes in the inflamed lymphatic vessels can
affect the balance between fluid entry and drainage, and the removal of inflam-
mation. However, the flexibility of these junctions makes them a suitable target for
reducing chronic inflammation. In a mouse model of mycoplasma pulmonis, both
blood and lymphatic vessels have been observed to undergo capillary to venular
dilation and lymphangiogenesis. TNF-a has been shown to have a direct effect on
both processes, but it appears that the effect on lymphangiogenesis requires further
inflammatory mediators from leukocytes [86].

It is clear that lymphangiogenesis and lymphatic remodeling, which are associ-
ated with inflammation, are interesting therapeutic targets. An expanded lymphatic
network would allow better lymphatic transport. This would presumably improve the
removal of excess extracellular fluid caused by inflammation-induced vascular per-
meability. However, immune surveillance in the lymph nodes could be overwhelmed
by trafficking and such proangiogenic signaling pathways need to be carefully
controlled.

3. Conclusion

The critical role of the lymphatic system in maintaining tissue homeostasis as well
as in disease has been well established over the last decades. Apart from their con-
tribution to immune and inflammatory diseases, a large body of scientific literature
documents the importance of lymph vessels for cancer biology and the prognostic
value of cancer patients.
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From a clinical point of view, targeting the lymphatic system has the potential to
improve vaccine delivery and tolerance induction and increase the utility of therapies
for a wide range of conditions, from infections like HIV to cancer, inflammation, and
metabolism. Much progress could be made with tools that target lymphatic vessels
in a specific tissue or lymph nodes, for example, using specific antibodies or mouse
models that allow gene deletion at both sites. New insights into organ-specific dif-
ferences in the lymphatic vasculature, such as those provided by newly developed
transcriptomic analyses, may provide new opportunities in the future. More work is
needed to better understand the complex interplay of LECs and the immune system,
and ultimately, to translate this knowledge into therapeutic applications.
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