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FOREWORD

In a continuous effort to support and promote scientific research in cancer
diagnosis and therapy, the IAEA organized a coordinated research project (CRP)
on the Development of *™Tc Radiopharmaceuticals for Sentinel Node Detection
and Cancer Diagnosis. This project stemmed from results obtained from a
previous IAEA CRP on the Labelling of Small Biomolecules with Novel *™Tc
Cores. The CRP on Development of *™Tc Radiopharmaceuticals for Sentinel
Node Detection and Cancer Diagnosis was followed by a technical meeting on
the Current Role and Trends of Hybrid Imaging and Radioguided Surgery, which
focused on the use of radioactive imaging agents as a method for identifying
diseased tissues that require surgical removal. The most widely recognized
example of radioguided surgery, known as sentinel lymph node detection (SLND)
or sentinel lymph node biopsy, is currently employed for planning the therapeutic
treatment of superficial cancers such as breast cancer and skin melanoma. The
basic concept behind this method is that, for this type of cancer, the spread of
the metastases from the primary tumour site always occurs through lymphatic
drainage, and thus the most proximal (sentinel) lymph node will be the first to
receive the metastatic invasion. It follows that, after surgical resection of the
primary tumour, the precise localization of this sentinel lymph node allows its
removal and biopsy to assess whether the metastatic process has already affected
it. This information has proven to be crucial for planning the further therapeutic
treatment of the patient. In fact, if histological analysis of the node is negative,
i.e. devoid of cancerous cells, there is no need to resort to surgical dissection of
the lymph nodes, which is of clear benefit to the patient.

Various types of nanocolloidal particles labelled with *™Tc are currently
used as SLND imaging agents. However, they have suboptimal properties
because of their unspecific uptake in the lymph node. An alternative, molecular
uptake mechanism for this class of tracers that exploits the presence of receptors
for mannose on the outer macrophage’s membrane, has recently been proposed.
This entails the design of a multifunctional ligand that is able to accommodate
a number of mannose residues along with a suitable chelating group for the
radiometal. Dextran provides a convenient macromolecular scaffold for appending
a relatively large number of functional groups, and its effically has recently been
demonstrated through the development of a new *™Tc radiopharmaceutical for
SLND (marketed under the name Lymphoseek) that targets mannose receptors
on macrophages hosted in lymph nodes. This new compound can be considered
the first outstanding achievement of this novel approach to SLND and provides
the basis for developing alternative SLND imaging agents following the same
molecular design, but using different and more sophisticated chemical strategies



for incorporating the radiometal into the dextran mannose multifunctional
framework.

The first of three research coordination meetings (RCMs) of the CRP
was held on 12-16 November 2007 at the IAEA in Vienna, and was attended
by 18 participants from 17 countries. The second RCM was held in Athens on
18-22 May 2009, and was attended by 16 participants and 3 observers. The final
RCM took place at the IAEA Headquarters in Vienna, on 22-26 November 2010,
and was attended by 17 participants and 2 observers.

The technical meeting on radioguided surgery took place on
2-7 September 2012 at the TAEA Headquarters, with the participation of
15 international experts in the field.

The present publication is based on the extensive analysis carried out during
the CRP and technical meeting and all the contributing authors were participants
at these meetings. It is specifically focused on radiopharmaceuticals for SLND
and thus constitutes a unique example of a publication providing an updated
description of the status of the field. The invaluable contribution of R. Pasqualini
(France) in coordinating the biological work carried out during the CRP and
reviewing it in Chapter 8 of this report is gratefully acknowledged.

The TAEA officer responsible for this publication was A. Duatti of the
Division of Nuclear Sciences and Applications.

EDITORIAL NOTE
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their authorities and institutions or of the delimitation of their boundaries.
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Chapter 1

INTRODUCTION

1.1. BACKGROUND

A sentinel lymph node (SLN) is defined as the first lymph node to which
cancer cells are most likely to spread from a primary tumour. In the case of
established cancerous dissemination, it is postulated that SLNs are the target
organs primarily reached by metastasizing cancer cells from the tumour. This
is because the spread of some forms of cancer usually follows an orderly
progression, spreading first to regional lymph nodes because the flow of lymph is
unidirectional. In these cases, if the cancer spreads, it will migrate first to lymph
nodes (lymph glands) close to the tumour before reaching other parts of the body.

SLN surgery determines if the cancer has spread to the very first draining
lymph node or not. Sentinel lymph node biopsy (SLNB) is a procedure in which
the SLN is identified, removed and examined to determine whether cancer cells
are present. If the SLN does not contain cancerous cells, then there is a high
likelihood that the cancer has not spread to any other area of the body. Hence,
a negative SLNB result suggests that the cancer has not developed the ability
to spread to nearby lymph nodes or other organs. Conversely, a positive SLNB
result indicates that the cancer is present in the SLN and may be present in other
nearby lymph nodes (called regional lymph nodes) and, possibly, other organs.
This information can help a physician determine the stage of the cancer (the
extent of the disease within the body) and develop an appropriate treatment plan.

There are various advantages to the SLN procedure. First and foremost, it
decreases unnecessary lymph node dissections where this is not necessary, thereby
reducing the risk of lymphoedema, which is a common complication of this
procedure. Increased attention to the node(s) identified as most likely to contain
metastases is also more likely to detect micrometastases and result in staging and
treatment changes. The main uses are in breast cancer and malignant melanoma
surgery, although the procedure has been used in other tumour types with some
degree of success. The average sensitivity of the SLNB is approximately 90%,
with a false negative rate of about 10%. A positive histological result indicates
that malignant cancer cells have migrated to some of the SLNs. Conversely,
SLNs that are not affected by malignant cells will give a negative result.

The basic technique of sentinel node identification involves the injection of
a tracer that identifies the lymphatic drainage pathway from a primary tumour.
The earliest applications used a vital blue dye (VBD), usually isosulphan
blue. Although isosulphan blue is generally safe, anaphylaxis can occur in up



to 1% of patients. Other blue dyes such as methylene blue have had similar
success rates in a small series of studies. Subsequent reports describe the use of
radioisotopes such as *™Tc bound colloids for preoperative lymphoscintigraphy
and intraoperative localization using a gamma probe. The most commonly used
radiolabelled colloid in the United States of America is *™Tc sulphur colloid,
whereas *™Tc nanocolloid and *™Tc antimony sulphide are more commonly
used in Europe and Australia, respectively.

The ideal radiotracer should show rapid transit towards sentinel nodes,
with persistent retention in the nodes. In general, the drainage, distribution and
clearance of radioactive colloids by the lymphatic system vary and are dependent
on particle size. Small particles are drained and cleared first, and large particles are
drained and cleared last, and may be retained virtually indefinitely at the injection
site. The distribution of particle sizes within each radioactive colloid preparation
is rather diverse, and is a major determinant of the kinetics of tracer clearance
and thus SLN visualization. While smaller particles allow quick visualization of
SLNs, larger particles have the advantages of longer tracer retention in the SLN,
which permits intraoperative detection the following day, and slow transit in the
lymphatic system, which minimizes visualization of lymph nodes downstream
of the SLN. Additionally, particles smaller than 4-5 nm may penetrate capillary
membranes without adequate retention in the lymph nodes. It is believed that a
particle size range of 100-200 nm is the best compromise between the conflicting
needs for efficient, fast, lymphatic drainage and satisfactory retention in the SLN.
Evidently, conventional sentinel lymph node detection (SLND) imaging agents,
such as nanocolloids, are non-specific particles or macromolecules because
their uptake mechanism is driven by passive diffusion to follow the lymphatic
drainage and accumulate within the lymph node. They generally lack the ideal
imaging properties of rapid injection site clearance and high SLN extraction.

New radiotracers have been developed for SLND with the aim of
improving performance. The molecular imaging (MI) paradigm has guided the
design of these new SLND tracers. The ultimate goal of MI is the non-invasive
localization and quantification of certain molecular events in vivo. It is the
visualization, characterization and measurement of biological processes at the
molecular and cellular levels in humans and other living systems. As with other
imaging applications, MI requires fixation of a signal emitting molecule (e.g. one
containing a radioactive, fluorescent or paramagnetic label) within the cell or
tissue where the target is expressed. There are several different mechanisms by
which this can be brought about. In the receptor-ligand model, one signal
molecule (the ligand) binds with high affinity to a specific site on a target
molecule (the receptor), which has a stationary biodistribution over the period
of imaging. The key determinants of success for this type of imaging are the
specificity and affinity of the receptor—ligand interaction, as well as the receptor



density itself. The receptor—ligand pair does not necessarily have to mimic a
naturally occurring interaction, but can be made to bind with high specificity to
molecules that are not considered to have any intrinsic biological activity.

Following this receptor targeted molecular approach, the design of new
and more specific SLND diagnostic tracers has been undertaken. In Chapter 4,
Vera et al. report the synthesis of *™Tc diethylenetriaminepentaacetic acid (DTPA)
mannosyl dextran, which is designed to bind to mannose receptor type C (MRC)
within the lymphoid tissues for SLN imaging. The MRC is a 165 kD membrane
glycoprotein, and MRC belongs to the C type lectin superfamily. These proteins
are involved in mediating phagocytosis of microbes and are highly expressed on
the surface of macrophages hosted in lymphoid tissues. The new SLND agent
%mTc DTPA mannosyl dextran consists of a polysaccharide backbone (dextran)
with an average molecular weight (MW) of 9500 g/mol, bearing pendant arms
containing 55 mannose glycosides for high affinity binding to MRCs, and 8
DTPA groups for *™Tc chelation. The resulting linear molecule has a diameter
of 7.1 nm.

In this compound, dextran plays the role of a macromolecular scaffold
to accommodate a number of different functional groups, each performing a
specific chemical or biological function (multifunctional ligand). By applying the
same strategy, in the course of the coordinated research project (CRP) entitled
Development of *™Tc Radiopharmaceuticals for Sentinel Node Detection and
Cancer Diagnosis, research efforts have been undertaken which the dextran
backbone is further functionalized using different types of chelators for
binding to different *Tc metallic fragments including [*™Tc(CO),]" (*™Tc
carbonyl), [*™Tc =NT** (**™Tc nitrido), [*Tc(SNS)] (**"Tc 4 + 1) and [*™Tc
Hydrazinonicotinic acid] cores. These metallic cores allow the use of highly
sophisticated chemical methods for labelling the dextran derived multifunctional
mannosylated ligand in high specific activity while affording robust *™Tc
conjugates. The resulting multifunctional ligands are essentially similar to
DTPA mannosyl dextran, but differ in the coordination mode to the selected
9MTe fragment.

The MI paradigm is changing the approach of medicine to the treatment
of disease, particularly for cancer treatment. A living organism is viewed as
a chemical fabric where an intricate and astonishingly complex network of
biochemical processes is acting to sustain life. A fundamental switch in the
clinical perspective has been brought about by the recognition that treatment
of pathological conditions should be approached at the molecular level.
Nuclear medicine is always at the forefront of this revolution because its basic
approach is intrinsically molecular, as evidenced by the use of single molecule
radioactive probes for investigating inner cellular and subcellular processes.
Owing to its inherent molecular trait, the progress of nuclear medicine is



tightly bound to the constant development of new radiolabelled agents capable
of detecting increasingly smaller details of the underlying molecular substrate.
The evolution of radiolabelled diagnostic agents for SLND offers a notable
example of this transition towards more specific molecular probes, as witnessed
by the development of macrophage-receptor-specific tracers that are expected to
improve the sensitivity of this diagnostic modality. The IAEA promptly captured
this ongoing scientific advancement by promoting a CRP and a technical
meeting on this subject. Therefore, the results of these activities, as presented
in this publication, constitute a significant example of real time contribution to
the progress of a specific scientific discipline and a highly valuable reference
material for operators working with this clinical methodology.

1.2. OBJECTIVE
The scientific objectives of the CRP can be outlined as follows:

— Design and synthesis of dextran multifunctional ligands with pendant
mannose residues for interaction with the macrophage’s receptors and
suitable chelating groups for binding to novel *™Tc cores;

— Preparation of the corresponding *™Tc labelled conjugates with high yield
and in high specific activity;

— Analytical characterization of the multifunctional ligands and of the
corresponding radiolabelled conjugates;

— In vitro evaluation of stability and binding affinity for mannose
receptors and in vivo biological evaluation in animal models for sentinel
node detection;

— Development of a ‘cold kit” formulation for easy and reliable preparation
of the new *™Tc radiopharmaceuticals to be distributed in Member States.

1.3. SCOPE

The main outcomes of the CRP are described in this publication, along
with results of the extensive analysis of the status and perspectives of SLND
carried out during the technical meeting on Current Role and Trends of Hybrid
imaging and radioguided surgery. Thus, the present publication is intended to
provide a broad illustration of SLND methodology by covering basic principles,
clinically established applications and recent advancements brought about
after the advent of the MI paradigm and the development of dextran mannose
multifunctional ligands.



1.4. STRUCTURE

In Chapter 2, an overview of the biology and physiology of the lymphatic
system and of the basic uptake mechanisms underlying the use of radiolabelled
colloids as imaging agents for SLND is presented. Chapter 3 reviews the most
important clinical applications of the SLND approach with emphasis, in particular,
on radioguided surgery. Chapter 4 reports on application of the novel molecular
approach to the development of more specific and selective SLND tracers by
illustrating the preparation and diagnostic properties of the first dextran mannose
SLND imaging agent *™Tc tilmanocept (Lymphoseek). Chapters 5—8 describe
the most important results of the CRP, with particular emphasis on chemical
characterization and preclinical evaluation in animal models of three new SLND
MI agents with a similar structure based on the dextran mannose multifunctional
platform, but specifically tailored to the chemistry of the novel *’™Tc cores.






Chapter 2

BASIC DESCRIPTION OF THE LYMPHATIC SYSTEM
FROM THE PERSPECTIVE OF SLN UPTAKE
OF RADIOACTIVE TRACERS

R. PASQUALINI
CIS bio international/IBA, Saclay, RP Innovative,
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2.1. SUMMARY

The lymphatic system is part of the circulatory system. It is closely
associated with the cardiovascular system because it includes a network of vessels
that contributes to liquid transportation throughout the body. This circulatory
system is essential for the maintenance of interstitial fluid balance, uptake of
dietary fat and for body defence against invasion by disease causing agents.

Lymph nodes, which contain large numbers of B and T lymphocytes and
macrophages, are located along lymphatic pathways. They have two primary
functions: filtering and digesting potentially harmful particles from lymph before
returning it to the bloodstream and contributing to the immune surveillance
provided by lymphocytes and macrophages. In their function of filtering particles
or cell debris, lymph nodes may collect cancer cells that are breaking and
travelling away from the primary tumour. The spread of some forms of cancer
usually follows an orderly progression, spreading first to regional lymph nodes,
then the next rank of lymph nodes and so on. Therefore, the first lymph node
(the SLN) is more likely than other lymph nodes to contain cancer cells. If a
suitable radioactive tracer, generally a nanocolloid or a dye, is administrated in
the proximity of the tumour site, it will travel through the lymphatic system and
be trapped in the SLN, allowing its localization using an appropriate probe or by
visual determination. The size and the charge of the radioactive tracer will mainly
influence the extent of radioactivity remaining at the site of injection, the rate of
diffusion into the lymphatic vessels and the uptake in the SLN. Knowledge of the



physiology of the lymphatic system will help to identify factors influencing the
diffusion and uptake mechanism of radioactive tracers in the lymph nodes and
will assist in the design of more efficient and selective SLN seeking drugs.

2.2. INTRODUCTION

The purpose of this chapter is to provide readers with a basic description
of the structure and function of lymph nodes, with a particular interest in the
mechanisms that might mediate the uptake of radioactive tracers in these
structures. In this regard, many aspects of the physiology of the lymphatic
system, mainly those related to the formation and transport of lymphatic fluid,
will not be developed comprehensively. Several excellent articles have appeared
recently describing the microstructure and physiology of the lymphatic system
[2.1-2.6]. Readers are encouraged to consult these references, which have been
of constant help when writing the chapter that follows.

2.3. THE LYMPHATIC SYSTEM: A GENERAL VIEW

The lymphatic system is closely associated with the cardiovascular system.
Similar to the latter, it includes a network of vessels that contributes to liquid
transportation throughout the body. Lymphatic vessels transport excess fluid
away from the interstitial space between cells in most tissues and return it to the
bloodstream, as schematically depicted in Fig. 2.1.

The lymphatic system is found throughout the body, with the exception
of the central nervous system, where cerebrospinal fluid fulfils the normal role
of lymph. This circulatory system is essential for the maintenance of interstitial
fluid balance, uptake of dietary fat and the body’s defence against invasion by
disease causing agents.

2.4. STRUCTURE OF THE LYMPHATIC NETWORK

The lymphatic network begins as lymphatic capillaries merge to form
lymphatic vessels, which in turn converge to form large vessels that eventually
join the blood stream via the right lymphatic duct [2.7].
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FIG. 2.1. Lymphatic vessels, which are closely associated with blood vessels, transport
Sfluid from interstitial spaces to the bloodstream (graphical material provided by Servier
Medical Art).

2.4.1. Lymphatic capillaries

Lymphatic capillaries are closed ended tubes (see Fig. 2.2). They are
10—60 pm in diameter, and, like blood capillaries, are composed of an endothelial
cell layer. However, the gaps between the endothelial cells in the lymphatic
capillaries are larger than those found in the blood capillaries [2.8, 2.9]. These
endothelial clefts can open to dimensions of several micrometres, allowing
macromolecules, colloids, cells and cellular debris to pass unhindered, depending
on the degree of distension [2.10-2.13]. The lymphatic capillaries are thus
more permeable and larger than blood capillaries, allowing for easier entrance
of relatively large protein particles. Attached to the lymphatic capillaries are
anchoring filaments, which contain elastic fibres. These anchoring filaments
extend out from the lymphatic capillary, attaching lymphatic endothelial cells
to surrounding collagen, and prevent endothelial cells from collapsing when
interstitial fluid pressure increases.
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FIG. 2.2. Tissue fluid enters lymphatic capillaries through flap like valves between adjacent
cells. Anchoring filaments to tissue cells are not drawn (graphical material provided by Servier
Medical Art).

2.4.2. Lymphatic vessels

Lymphatic vessels form as lymph capillaries merge. The walls of lymphatic
vessels are similar to those of veins, although thinner. Morphologically, the walls
are composed of three layers: an endothelial lining, a middle layer of smooth
muscle and elastic fibres, and an outer layer of connective tissue. Like veins,
semilunar valves are present to prevent the backward flow of lymph.

2.4.3. Lymphatic trunks and collecting ducts

Lymphatic trunks form from the union of collecting vessels. They are named
after the regions they serve: lumbar, jugular, subclavian, bronchomediastinal and
intestinal trunks. Except for the latter trunk, each of them occurs in pairs, left and
right, for each side of the body. These lymphatic trunks then join one of the two
collecting ducts, the thoracic duct or the right lymphatic duct. These ducts empty
into the left and right subclavian veins, respectively.

Figure 2.3 is a view of the lymphatic and blood network in the region of
fluid interchanges.
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FIG. 2.3. Relationship between the lymphatic and blood capillaries (graphical material
provided by Servier Medical Art, modified).

2.5. LYMPH PRODUCTION AND MOVEMENT
2.5.1. Role of the interstitial space

The interstitial space located between the capillary walls and cells is
composed of two phases [2.14]:

— An interstitial fluid containing salts and plasma proteins;

— An extracellular matrix (ECM), which is constituted of fibrous protein
(predominantly collagen, but also elastin, fibronectin and laminin) and
glycosaminoglycans (GAGs) [2.15].

Collagen fibres provide much of the structural framework of the tissue.
There are several types of collagen, with type I being predominantly found in the
skin. All collagens consist of three polypeptide o chains with high hydroxyproline
(Hyp) content and a very common sequence Gly-Pro-X and
Gly-X-Hyp (Gly = glycine, Pro = proline, X = proline or 4-hydroxyproline) [2.16].
Collagen I possess a slightly positive charge (pI ~ 8, where pl = —logl,
I =ionic strength) at physiological pH [2.17].

Glycosaminoglycans are unbranched polysaccharide chains composed of
repeating disaccharide units. One of the two sugars is always an amino sugar
(N-acetylglucosamine or N-acetylgalactosamine), which, with the exception of
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hyaluronic acid, is sulphated. The second sugar is usually glucoronic or iduronic
acid [2.18]. Because there are sulphate and/or carboxyl groups on most of their
sugars, GAGs are highly negatively charged. With the exception of hyaluronic
acid, these GAG chains attach to a protein core to make up larger molecules
called proteoglycans (PGs), and, in turn, PG subunits are combined to form large
aggregates, which can have MWs as large as 10% g/mol.

Collagen and PGs will restrict the space available to macromolecules in
the interstitial space by steric effects. Additionally, because of their high density
negative charge at a physiological pH, PGs will exert an electrostatic exclusion
effect on negatively charged macromolecules [2.14]. This results in the presence
of narrow aqueous tissue channels of approximately 100 nm diameter, allowing
the passage of macromolecules by diffusion [2.19]. Therefore, it seems reasonable
to speculate that the size of administered colloids should be less than 100 nm in
diameter if good drainage from the injection site has to be achieved.

2.5.2. Formation of lymph

Tissue fluid is composed of water and dissolved substances that migrate
from blood capillaries by diffusion and filtration. Tissue fluid contains, among
other small molecules and gas, some relatively small proteins. Usually, these
small proteins are not reabsorbed when water and dissolved molecules travel back
into the venule ends of these capillaries. As a result, the protein concentration of
the tissue fluid tends to rise, increasing the osmotic pressure of the fluid in the
interstitial space. This increasing interstitial pressure forces some of the tissue
fluid into the lymphatic capillaries, where it becomes lymph. Because of the high
permeability of lymphatic walls, there is no exclusion of interstitial molecules,
irrespective of their size. The protein composition of lymph is nearly equivalent
to that of interstitial fluid, which is similar to, albeit less concentrated than, that
of blood plasma, from which it originates [2.1]. The only exception occurs for
intestinal lymph, which contains a high amount of fat resorbed directly from
the intestine.

Lymph, like venous blood, is under relatively low hydrostatic pressure. Flow
through the lymphatic vessels cannot occur without the intervention of outside
help. These outside forces include contraction of skeletal muscles, pressure
changes owing to the action of breathing muscles and, for large lymphatic trunks,
contraction of the wall’s smooth muscles. Movement of the lymph in the vessels
is unidirectional because the presence of valves prevents backflow [2.20].
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2.6. LYMPH NODES

Lymph nodes are located along the lymphatic pathways, particularly
where lymphatic vessels merge to form trunks. They contain a large
number of lymphocytes and macrophages, whose role is to combat against
invading microorganisms.

2.6.1. Structure of a lymph node

Lymph nodes may vary in size and shape, ranging from a few millimetres
to a maximum of 2.5 cm long in their normal state, and are often bean shaped.
Figure 2.4 illustrates a section of a typical lymph node.

Lymph nodes consist of multiple lymphoid lobules. This structure, which
is the basic anatomical and functional unit of a lymph node, is surrounded by
sinuses, in which lymph flows, and enclosed by a capsule. The smallest lymph
nodes may contain very few (or even one single) lymphoid lobules, while the
largest ones may comprise a great number of such structures.

Only the principal aspects of the anatomical structure and function of
lymph nodes that are related to the mechanism of uptake of radiotracers will be
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FIG. 2.4. Section of a lymph node.
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covered here. For a more detailed description, readers are invited to refer to the
previously mentioned references [2.1-2.6].

Schematically, lymphoid lobules are arranged side by side, radiating from
the hilum, at the indented region of the lymph node, to which they are anchored,
separated from the capsule by the sinuses. The hilum is the portion through which
the blood vessels connect with the node. The afferent vessels enter separately
at various points of the convex surface, but the efferent lymphatic vessel exits
from the hilum. Because lymph nodes have fewer efferent vessels than afferent
vessels, the lymph flows slowly and stagnates somewhat within the node. This is
important because it allows time for the generation of an immune response and
for macrophages to remove debris from the lymph before it re-enters the blood
vascular system. Because each afferent vessel collects lymph from a different
drainage region, each lymphoid lobule is potentially exposed to different sets of
antigens, antigen-presenting cells and inflammatory mediators [2.21]. As a result
of this heterogeneous immunological stimulation, lobules within the same lymph
node may have different levels of immunological activity.

The entire lymph node is filled with a fine reticular meshwork composed of
spindle shaped or elongated fibroblastic reticular cells and their reticular fibres
that form the basic supporting structure of the lobules and criss-cross the lumens
of the sinuses [2.22]. This causes the lobule to subdivide into a large number
of narrow channels and interstices, 10-20 pm wide, which are occupied by
lymphocytes, macrophages and antigen-presenting cells.

In the sinuses, the reticular meshwork has thinner branches and
correspondingly larger interstices than the lobular reticular meshwork [2.23].
Macrophages, also known as sinus histiocytes, stick to this reticular meshwork
and trap bacteria, cell debris, red blood cells and other particulates suspended
in the lymph as it flows through the meshes of this biological filter. They tend
to occur in clusters; their number increases in response to the need for particle
clearance and they may completely fill the sinuses. However, an supportive
(reticular) cells in lymphoid tissue can also ingest foreign particles and cell
debris, but with less efficiency than macrophages.

Ludwig has shown that two types of structural configurations between
lymph vessels and lymph nodes may exist [2.24]. In the first type, as illustrated
in Fig. 2.4, the lymph node receives lymph from the afferent duct. The lymphatic
liquid passes through the lymph node, which filters it, and then empties into
the efferent channel. In the other configuration, the lymphatic vessel develops
through the lymph node, or over its surface, without allowing emptying of its
contents into that node. As pointed out by Tanis et al. [2.25], if the first lymph
node adopts the latter configuration, the tumour cells transported in the lymph
will not be trapped in the lymph node. This situation could be one of the
explanations of false negative SLND with radiocolloids.
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2.6.2. Function of lymph nodes
Lymph nodes have two primary functions:

— They prevent the spread of microorganisms and toxins that enter interstitial
fluids by filtering potentially harmful particles from lymph before returning
it to the bloodstream. Furthermore, they destroy bacteria, toxins and
particulate matter through the phagocytic action of macrophages.

— They operate an immune surveillance, which is provided by lymphocytes
and macrophages (the immune system function will not be treated further
in this chapter).

2.6.2.1. Filtering function of lymph nodes

The rationale for SLND with radioactive colloids is based on the ability of
lymph nodes to retain foreign particles that are present in the lymphatic fluid.

As described earlier, the labyrinthine structure of the reticular meshwork,
in which lymph slowly percolates, and the presence of macrophages and reticular
cells lined on it, allows sequestration of foreign particles or products from cell
degradation. The lymph nodes appear to provide two main types of filtration:
the first is a simple mechanical passage through the reticular meshwork and the
second involves a biological reaction with the phagocytic elements. Receptors on
the phagocytes and reticular cells are able to recognize foreign colloids, either
by the nature of the particle surface or by opsonins adsorbed onto the particle
surface [2.26]. Removing the lymph of particulate matter is based on an active,
saturable phagocytosis process.

2.6.2.2. Receptor based uptake of foreign matters

In the lymph node, phagocytosis is the main process of macrophages.
These cells are derived from circulating monocytes, whose phagocytic ability is
highly enhanced by this differentiation process [2.27]. Monocytes/macrophages,
as well as neutrophils, have been referred to as ‘professional phagocytes’ because
of their high phagocytic capacity and efficiency at internalizing particles [2.28].
This property can probably be ascribed to the presence of an array of dedicated
phagocytic receptors that increases the particle range and phagocytic rate [2.29].
It should be outlined that the role of macrophages is not only to ingest and
destroy bacteria, viruses, inorganic foreign particles and cellular debris. Some of
them also facilitate cross-talk between innate and adaptive immunity by acting
as ‘antigen presenting cells’. However, the involvement of macrophage in the
immune response will not be further developed in this chapter.
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Phagocytosis occurs through a complex mechanism that cannot be
appropriately explained on the basis of a simple single model. Despite the
complexity associated with several phagocytic mechanisms, the basic features of
the process can easily be accommodated within the following description. First,
particle internalization is initiated by the interaction of specific receptors on the
surface of the phagocyte with some ligands on the surface of the particles. Then,
a phagocytic cup is formed on the macrophage membrane around the foreign
matter, with subsequent engulfment in a vesicle that fuses with cell lysosomes
where chemical degradation takes place. Finally, non-digestible residues are
ejected from the cell by exocytosis.

Engulfment of invading microorganisms, foreign particles and apoptotic
bodies is initiated by the engagement of specialized pattern recognition
receptors, which can discriminate among numerous bacterial components such
as bacterial carbohydrates (mannose receptor, glucan receptor) and bacterial
lipids (lipopolysaccharides receptors), as well as other structures typically
found on pathogen surfaces (toll like receptors, scavenger receptors) [2.30].
Additionally, macrophages have molecules on their surface known as Fc
receptors, which are capable of binding immunoglobin G through its Fc region
onto opsonized pathogens.

The mannose receptor on macrophages recognizes mannose and fucose
on the surfaces of pathogens and mediates phagocytosis of the organisms. The
mannose receptor is a single chain receptor with a short cytoplasmic tail and an
extracellular domain including eight lectin-like carbohydrate binding domains,
a fibronectin type II domain and an ending N-terminal cysteine rich domain
[2.31]. The three types of domains at the extracellular region have different
ligand specificity:

— The C type lectin-like domain binds glycoproteins with exposed mannose,
fucose or N-acetyl glucosamine residues [2.32-2.34];

— The fibronectin type Il domain binds to collagens I, II, III and IV with high
affinity [2.35];

— The cysteine rich domain recognizes sulphated carbohydrates [2.36, 2.37].

In recent years, macrophage specific delivery systems have gained
much attention because macrophages act as a natural hideout for several
pathogenic microorganisms. Therefore, several research groups have explored
the carbohydrate specific glycoprotein uptake system of macrophages for
specifically targeting these drug delivery systems [2.38-2.42]. Among different
carriers, liposomes have been extensively investigated as delivery systems for
phagocyte targeted therapies because of their advantages which include low
immunogenicity, biocompatibility, cell specificity and drug protection [2.43].
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2.7. THE SLN
2.7.1. The SLN concept

The SLN is the hypothetical first lymph node, or group of nodes, that
receives lymph collected from a primary tumour mass. If cancerous dissemination
occurs, it is postulated that the SLN will trap any metastasizing cells leaving
the tumour. If the SLN is negative for tumour metastasis, the presence of
cancerous cells in all other lymph nodes in the same lymphatic chain is highly
improbable [2.44-2.49].

Sentinel lymph node mapping (SLNM) can be performed using a dye
(patent blue or isosulphan blue), a radioactive tracer or both. The radioactive
tracers currently used in clinical routine are based on **™Tc labelled colloids
(either inorganic or of albumin origin) [2.50]. However, the new approved
dextran based tracer, *™Tc tilmanocept (see Section 2.7.3) is expected to be
gradually adopted by the nuclear medicine community.

Ideally, an SLN imaging agent would rapidly clear from the injection site to
allow easy detection of nodes that are located close to the injection site. Residence
of the activity in the SLN should be selective and high enough to allow different
protocols for detection (external acquisition or radioguided surgery). It should
be obtained with high specific activity to avoid saturation of the phagocytic
process, with consequent leakage of radioactivity to the higher echelon nodes of
the region, and should be safe.

2.7.2. Physicochemical aspects of lymph node delivery of
biologically inert agents

Basically, to be taken up by the SLN, large molecules or colloids
administered by subdermal injection should first travel into the interstitial space,
cross the membrane of lymphatic capillaries, flow freely into the lymphatic
vessels and, finally, be phagocytized by macrophages of the first lymph node
encountered on their travel.

There is no unanimous consent in defining the order of importance of the
parameters affecting the overall localization process of foreign material into
lymph nodes. However, characteristics related to the size, shape and charge of
particles are generally mentioned as the most relevant ones [2.2, 2.51, 2.52].
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2.7.2.1. Particle size

Size is the major factor determining the behaviour of particulate materials
after subcutaneous injection. Particles that are smaller than a few nanometres will
mostly penetrate the blood capillary membrane, whereas larger particles (up to
about 100 nm) can enter the lymphatic capillaries and be transported to lymph
nodes. Larger particles will be trapped in the interstitial space for a long time
[2.53]. Additionally, particle size also governs endocyte uptake by macrophages.
However, the upper size limit for lymphatic uptake has not been strictly defined.
The optimal colloidal size for lymphoscintigraphy is believed to be approximately
50-70 nm [2.54], but the range 10—-100 nm has also been proposed [2.50-2.55].
The results of recent studies correlating the particle profile of **™Tc labelled
inorganic colloids with lymph node uptake suggest that colloids with nanometric
dimensions are the best suited for a high node uptake [2.56]. As a general rule,
it can be assumed that very small nanoparticles (<10 nm) are best suited for
lymphoscintigraphy or rapid SLND, whereas large particles (>100 nm) display a
longer retention in the first encountered lymph node.

The earliest lymphoscintigraphic methods used colloidal ('*®*Au) gold
(9—15 nm in size) [2.57]. Although promising results were obtained, confirming
the suitability of small sized colloids, the absorbed dose at the injection site
was judged to be unacceptably high (13-27 Gy/MBq) to allow safe use of this
radiocolloid. These dosimetric concerns were removed by the introduction of the
less irradiating **™Tc based radiocolloids.

There is variation in the nature and size of *™Tc labelled colloids used
worldwide for the detection of SLNs [2.2, 2.58]. Studies in the USA were initiated
with *™Tc sulphur colloid, which is a radiopharmaceutical that was initially
approved for liver and spleen scintigraphy. This radiocolloid (administered
0.22 um filtered or unfiltered) is still used nowadays, with the US Food and Drug
Administration (FDA) approving its indication for SLNM only very recently.
In Europe, albumin colloids and a preformed rhenium sulphide colloid are
the approved agents. Of the two, albumin colloid is the most frequently used
tracer. Technetium-99m labelled antimony trisulphide is the colloid of choice in
Australia, whereas *™Tc calcium phytate is the tracer used in Japan.

The size ranges of some radiocolloids currently used in clinical practice are
shown in Table 2.1 [2.58-2.62].
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TABLE 2.1. SIZE OF SOME APPROVED *™Tc¢ RADIOCOLLOIDS

Colloid composition Size range Comments References
(nm)
Human serum albumin 7-23% Registered in different countries  [2.59, 2.60]
3-16* in Europe;
not approved in USA
Human serum albumin 100-600°  Registered in different countries Refer to
<100°  in Europe; supplier
not approved in USA brochures
Stannous/stannic hydroxide 30-200*  Approved in some European [2.60]
countries
Rhenium sulphide 868" Registered in different countries [2.61]
in Europe
Sulphur colloid 50-1000° Registered in USA [2.50,2.61]
0.1 pm filtered sulphur colloid ~ 30-50°
Antimony trisulphide 2-16¢ Registered in Australia [2.58]
17-23%
Calcium phytate 150-200*  Mainly used in Japan; [2.62]
150-1500* size depends on
Ca*" concentration

Particle size measurement using dynamic light scattering.

Particle size measurement method not disclosed.

Particle size measurement using membrane filtration.

Particle size measurement using transmission electron microscopy.

As illustrated in Table 2.1, approved radiocolloids span quite a large
size range. Although in some guidelines, it is reported that a preparation with
the majority of particles ranging between 100 nm and 200 nm in size can be
considered the best compromise between fast lymphatic drainage and optimal
retention in the SLN [2.52], the influence of the colloid size on diagnostic
performance (sensitivity and specificity) has not yet been evaluated in large
prospective studies. Probably, one of the largest comparative studies is that
reported by Paganelli et al., in which 215 patients with operable breast carcinoma
were assigned to three different diagnostic procedures [2.63]. Group A was
treated with *™Tc antimony sulphide (particle size < 50 nm), group B was
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treated with **™Tc colloidal albumin (particle size < 80 nm) and group C was
treated with *™Tc colloidal albumin (particle size 200 —1000 nm). In each group,
two methods of administration (peritumoural and subdermal) were evaluated.
The conclusion of this study was that larger particle sized colloids were most
successful in detecting only one or two sentinel nodes, even 14-16 h after
injection, and that subdermal administration was the preferred route. However,
the choice of the best radiocolloid has been dictated to a great extent, and still is,
by its availability as an approved radiopharmaceutical.

It must be emphasized, however, that great care must be taken to not simply
compare the size of radiocolloids measured with different sizing techniques,
mainly because most particles are not regularly shaped, accentuating the inherent
limitations of each technique. For instance, transmission electron microscopy
will give the size of inorganic cores, but often not the coating (e.g. gelatine
layers). Moreover, particles are heated by the electron beam, possibly causing
sublimation of some components of the particle (e.g. sulphur in the case of metal
sulphide), therefore altering the original size (the freeze—fracture technique
should be used). Dynamic light scattering (DLS), also referred to as photon
correlation spectroscopy, is able to give the hydrodynamic diameter of particles,
but the diameter that is obtained using this technique is the diameter of a sphere
that would have the same translational diffusion coefficient as the particle. As the
translational diffusion coefficient depends not only on the size of the particle
‘core’, but also on any surface structure, as well as the concentration and type of
ions in the medium, meaningful results are obtained only with strict control of the
experimental parameters. Additionally, the use of DLS becomes more and more
problematic when the size distribution of the sample broadens.

2.7.2.2. Particle shape

Recently, particle shape has been identified as playing an important role
in the ability of macrophages to internalize particles [2.64, 265]. Theoretical
models based on cellular internalization have already underlined the benefit
of using non-spherical particles for drug delivery [2.66]. Experimental studies
have confirmed this prediction, showing, in an alveolar macrophage model, that
the local geometry of the particle at the point of cell attachment, not the overall
particle shape, can dictate whether macrophages initiate internalization [2.67].

The effect of shape on phagocytosis has also been observed for CdTe
quantum dot cystine composites with sphere, rod and needle particle shapes. In
mouse leukaemic monocyte macrophage, the microspheres exhibit the highest
degree of internalization and the fastest phagocytosis rate, while almost no
internalization of the needle shaped species occurs, clearly indicating a significant
effect of the shape on the macrophage phagocytosis [2.68]. Therefore, the size
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of particles will affect the completion of phagocytosis, especially when the
particle volume exceeds the cell volume, and particle shape remains important in
initiating engulfment of a particle by macrophages.

2.7.2.3. Particle charge

Although this has been less frequently investigated, there is evidence that
modifications of the surface charge of particles can influence transport in the
interstitial space and uptake by lymph node macrophages.

While for particles the size is the predominant factor governing movement
in the interstitial space, the effect of charge becomes significant for proteins and
small sized polymers. In the interstitial space, fixed negative charges, principally
because of GAGs, are expected to contribute significantly to interstitial
exclusion of charged macromolecules. In an ex vivo model of mouse tail skin,
Reddy et al. [2.69] investigated the rate of interstitial convective transport
of anionic and uncharged 3 kg/mol dextran. It was found that the anionic
dextran moved with a higher average velocity through the interstitium than the
neutral dextran, suggesting that electrostatic repulsion may serve to reduce the
interactions between a negatively charged solute and the ECM.

The influence of the surface charge on macrophage phagocytosis is less
clear. From a literature survey, general trends cannot be reliably developed
that would apply to any kind of particle, as the chemical composition of the
surface may also play a role in the phagocytic process. Two classes of synthetic
particles have been extensively used to study phagocytosis: liposomes (vesicles
composed of a lipid bilayer) and polymerized microspheres (e.g. polystyrene).
These particles offer a large flexibility for tailoring their size, shape, charge
and hydrophobicity.

Liposomes have been extensively used as a particulate model because
of their potential for carrying and delivering drugs to cells and because of the
relative ease with which their charge and size can be shaped. The drainage of
negatively charged liposomes has been shown to be faster than that for positive
liposomes [2.70]. It has also been shown that the rate of liposome localization
in the lymph nodes after subcutaneous injections to rats was in the order
negative > positive > neutral liposomes [2.71].

In a recent review article on drug delivery to monocytes and macrophages
with liposomes, Kelly et al. [2.43] report that negatively charged lipids such
as phosphatidylserine and phosphatidylglycerol are preferentially recognized
by macrophages [2.72]. Studies comparing phosphotidylcholine (neutral) and
phosphatidylserine (anionic) composed liposomes have established negative
liposome formulations to have enhanced macrophage internalization in lung
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macrophages of mice after intravenous administration of liposomes to the
animals [2.73].

Experiments using polystyrene microspheres with macromolecule modified
surfaces produced different clearance and organ deposition patterns for negatively
or positively charged particles [2.74], suggesting that positive charges increase
phagocytic uptake while negative charges reduce uptake [2.75]. These findings
were not confirmed by the work of Tabata et al. [2.76], who studied uptake
by mouse peritoneal macrophages of modified cellulose microspheres with
different surface charges. It was found that there was no significant difference
in phagocytosis between cationic and anionic surfaces when compared at a zeta
potential of the same absolute value.

2.7.2.4. Surface hydrophobicity/hydrophilicity

Opsonins prefer to associate with hydrophobic rather than hydrophilic
surfaces [2.77]. Indeed, the phagocytosis of hydrophobic polystyrene nanospheres
was shown to be drastically reduced by the adsorption of hydrophilic block
copolymers prior to intravenous administration [2.78]. Conversely, nanospheres
conditioned with block copolymers of polyoxyethylene chains of 5-15 ethylene
oxide units are effectively opsonized in lymphatics, which is a process that
dramatically enhances sequestration by regional lymph nodes [2.79]. However,
because hydrophobicity exerts a negative effect on particle drainage from the
injection site, an appropriate coating should be found that allows optimization
between the extent of drainage and the uptake process by macrophages.

2.7.2.5. Molecular weight

As the MW increases, there is a decreased ability for the molecule to
penetrate blood capillaries, with a consequent increase in preference to enter into
lymphatic vessels.

It has been shown that for water soluble compounds with MWs ranging
from 246 g/mol to 19 000 g/mol, a linear relationship exists between the MW of
a compound administered subcutaneously and the fraction of the dose absorbed
by the lymphatic draining. Compounds with a MW greater than 16 000 g/mol are
absorbed mainly by the lymphatics that drain the application site [2.80]. This was
the rationale for the use, either for lymphoscintigraphy or for SLND, of
non-particulate agents such as °’™Tc human serum albumin (HSA)
(MW =67 000 g/mol) [2.81], **™Tc dextran (average MW = 110 000 g/mol) [2.82]
and *™Tc hydroxyethyl starch (average MW = 450 000 g/mol) [2.83].
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The suitability of ™ Tc dextran (average MW = 82 000 g/mol) as a lymph
node imaging agent was determined in rabbits and dogs by comparison with
9mTc antimony sulphide colloid. In both species, in spite of a rapid uptake rate,
total popliteal lymph node sequestration of *™Tc dextran was significantly lower
than that observed for colloidal *™Tc antimony sulphide [2.84]. These results
were confirmed in a more recent study in which mice were used as the animal
model. SLN uptake of *™Tc dextran (average MW = 70 000 g/mol) was lower
than that observed for *™Tc albumin colloid and ***Tc antimony sulphide [2.85].

Despite these findings in animal models, **"Tc dextran has been
used, with apparent success, to detect SLN in small cohorts of patients with
breast carcinoma [2.86-2.88]. Promising results were also reported with
9mTc hydroxyethyl starch in a small group of normal volunteers and in patients
with breast carcinoma [2.83].

The labelling process of dextran and hydroxyethyl starch with stannous-
reduced *™Tc deserves comment. The two compounds are equally made of a
large number of glucose units, although they are differently assembled. Because
only weak chelating hydroxyl groups are present on the molecules, colloidal
Tc may form during the labelling step, thus contaminating the preparation with
radioactive particulate species. In addition, loss of labelling may also take place
ex vivo, inducing alteration of the expected radioactivity distribution. Moreover,
because the labelling process of dextran is performed in the presence of high
amounts of stannous chloride, concomitant formation of **™Tc-labelled tin colloid
cannot be totally excluded. To obviate these limitations, a modified dextran,
incorporating cysteamine as the chelator for *™Tc, has been synthesized and
tested in animals. This dextran derivative has shown higher chelation stability
against DTPA than *™Tc dextran, enabling clear visualization of axillary lymph
nodes after intradermal injection in rats [2.89].

Technetium-99m HSA has also been proposed as a radioactive
non-particulate agent for the detection of SLNs. Comparative studies with
other lymphoscintigraphic agents (**"Tc sulphur colloid, *™Tc albumin colloid
and *™Tc phytate) have been performed in animals and in humans. In mice,
9mTe HSA tends to accumulate in the SLN less efficiently than **™Tc sulphur
colloid and disperses more rapidly to the next echelon nodes and to the systemic
circulation [2.90].

The diagnostic performance of *"Tc HSA has been compared to that of
9mTc albumin colloid and filtered **™Tc sulphur colloid. In one clinical study,
51 patients with stage I or stage Il melanoma were equally assigned to one of
the three treatment groups. Early images with all three agents provided reliable
identification of SLNs. As expected, *™Tc HSA demonstrated faster washout
rates from injection sites and better definition of lymph channels than either
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particulate agent, whereas the particulate agents were retained longer in nodes
and demonstrated more nodes in delayed images than in early images [2.91].

A similar study was conducted in patients with cutaneous melanoma (CM)
using unfiltered **™Tc sulphur colloid as the comparator. In this study, the majority
of patients (85 out of 106) received *™Tc albumin. A few of them (4) received
both tracers. In this study, SLNM was similar in both HSA and sulphur colloid
cohorts. However, it should be pointed out that acquisition of images was limited
to 1 h after administration of tracers, which is a relatively short period of time, in
which the **™Tc HSA activity has not yet migrated from the node [2.92].

The analysis of a retrospective study including 533 patients with breast
carcinoma, with half of them explored with *™Tc HSA and the remainder with
9mTc phytate, showed that the identification rate of SLNs was significantly
higher in the phytate group than in the HSA group. Most importantly, the highest
radioactivity of SLNs per case was more than five times higher in the phytate
group than in the HSA group, demonstrating a better diagnostic performance of
9mTe phytate [2.93].

Therefore, although no rigorous studies can be advocated to confirm the
inferior performance of *™Tc HSA and **Tc dextran, it seems unlikely that these
two tracers would, in the near future, replace the well established radiocolloids
for SLND.

2.7.3. Receptor based radiotracers for SLND

Very recently, cell mannose receptors have been used to target resident
lymph node macrophages with a radioactive agent for SLND. The radiotracer is a
synthetic macromolecule composed of a dextran backbone and multiple subunits
of DTPA (for *™Tc chelation) and mannose (for receptor binding) [2.94]. This
receptor based approach has shown excellent results in animals and humans
for detecting SLNs [2.95, 2.96]. This dextran derivative, named *™Tc labelled
tilmanocept, has been approved by the FDA for use in patients with breast
cancer or melanoma who are undergoing surgery to remove tumour draining
lymph nodes. At the time of writing, the drug had recently been approved by the
European Medicines Agency. An extensive discussion of this new tracer is given
by Vera et al. in Chapter 4.

Receptor mediated uptake by lymph nodes has also been reported by
Takagi et al. [2.97], who have compared **"Tc-labelled HSA and **™Tc-labelled
mannosyl neoglycoalbumin to a commercial *™Tc rhenium sulphide colloid in
mice. Similar to the results obtained with the mannosyl dextran derivatives [2.94],
the introduction of mannose residues on albumin increases the uptake and the
residence time of this radiotracer in the lymph nodes. Indeed, the added mannose
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residues allow the protein to be recognized and internalized by macrophages,
thus confirming the efficacy of the receptor mediated process of phagocytosis.

2.8. CONCLUSIONS

Having a basic understanding of what is occurring at the microscopic level
in the lymphatic system may allow for better appreciation of the parameters that
influence the biological properties of current SLND tracers and, eventually, help
to raise suggestions for the design of an ideal agent. This chapter has therefore
attempted to briefly outline the anatomy and physiology of the lymphatic system
and to illustrate how the functioning of this circulatory system can affect the fate
of exogenous materials in the body. Some oversimplifications of the complex
mechanism underlying transport in the lymph and phagocytosis have been
necessary, but hopefully without affecting the scientific value of the text.

For biological inert radiocolloids, not only size, but also shape and
charge, play important roles in the overall uptake process by lymph nodes. It is
interesting to note that most of the radiocolloids that are now approved for SLND
were developed either for lymphoscintigraphy or for liver and spleen imaging.
From a scientific perspective, these radiocolloids do not display the optimal
characteristics required for a diagnostic agent.

Impressive progress has been achieved in very recent years in designing
new agents whose uptake by lymph nodes is mediated by a receptor—ligand
interaction mechanism. With the use of this kind of new agent, nuclear medicine
has further strengthened its leading position as an MI discipline.
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Chapter 3
CLINICAL APPLICATIONS OF RADIOGUIDED SLNB
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Pisa, Italy

3.1. SUMMARY

A survey of the most important clinical applications of SLNB, which is
accomplished using radiolabelled nanocolloidal particles, is presented in this
chapter. In particular, emphasis is given to the diagnostic value of this procedure
for the treatment of various degenerative diseases.

3.2. INTRODUCTION

The most advanced diagnostic techniques of preoperative imaging
(computed tomography (CT), magnetic resonance imaging, ultrasound, single
photon emission tomography (SPECT), positron emission tomography (PET)
and PET/CT) provide information of increasing quality regarding topographical
location and extent of neoplastic disease. The surgeon can thus rely on such
information for planning the optimal surgical approach tailored to each individual
patient, with the final goal of radically removing the tumour, while, at the same
time, limiting the aggressiveness of surgery, within the increasingly common
scenario for oncological surgery to become less and less mutilating and to adopt
minimally invasive surgical procedures.

Intraoperatively, radioguidance provides the surgeon with an additional
interaction modality that enables exploration of the surgical field by relying not
only on the traditional modalities of direct visual inspection and palpation, but also
on the possibility of identifying the tissue to be removed by preoperative labelling
of the target tissue with a proper radiopharmaceutical. This additional guidance
requires the use of an intraoperative gamma probe for detecting and localizing the
site of accumulation of a radioactive compound (the radiopharmaceutical) at the
target tissue, guiding the surgeon through an acoustic signal that is proportional
to the amount of radioactivity detected by the probe. This combined procedure
is termed radioguided surgery, and is sometimes also aided by the acquisition
of intraoperative scintigraphic images using a dedicated, small-field-of-view
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portable gamma camera. Although several different approaches based on
radioguided surgery have been developed or are in various phases of clinical
validation, the most widely utilized applications of this procedure concern SLNB
in patients with solid epithelial cancers [3.1].

The popularity of radioguided surgery is increasing, not only in highly
specialized and/or academic environments, but also in peripheral hospitals;
this trend is especially obvious in the case of SLNB, or alternatively SLND,
in patients with breast cancer or malignant CM, which are the two applications
where the effectiveness of radioguided surgery has most definitely been proven.
For these two cancers, the validity of the SLN concept is now also recognized
by the most recent version of the manual for tumour staging developed by the
American Joint Committee on Cancer, the so-called TNM system (where T stands
for status of the primary tumour, N for status of locoregional lymph nodes and
M for distant metastases) [3.2]. In fact, both for breast cancer and for melanoma,
the N parameter includes specific notations for the presence of macrometastasis,
micrometastasis or isolated tumour cells in the SLN. In this regard, because no
imaging modality is able to detect microscopic metastasis (nor the presence of
isolated tumour cells), such information must be based on histopathological
analysis of the SLN. Therefore, SLNB emerges as the only reliable method for
identifying micrometastatic disease in regional lymph nodes, and is now the
accepted standard of care in various clinical conditions, in particular, for patients
with early stage breast cancer and CM. Nevertheless, despite its established
benefits as a minimally invasive approach for nodal staging, SLNB is still
relatively underutilized in patients with tumours other than breast cancer and CM.

In the past 5 years, there has been momentum in technology and in clinical
research, thus opening new avenues to novel strategies for radioguided surgery.
In this setting, the ongoing integration of ‘virtual reality’ approaches with
standard approaches in some well defined conditions is increasing, facilitating
the use of minimally invasive surgeries. Indeed, MI—in particular, radionuclide
imaging — is becoming essential for optimizing surgical approaches that are
tailored to the disease-specific conditions encountered. This synergy has fostered
growing interactions between surgical specialties (mostly oncological surgery)
and nuclear medicine. In this new perspective, different medical specialties
cooperate to achieve a common goal of improved patient management and
overall benefit [3.3].

Key concepts of SLNB include the following:

— SLNB is a specific application of radioguided surgery.

— Labelling a tissue with a radioactive compound provides the surgeon with
the opportunity to identify the target tissue to be removed.
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— A gamma probe is able to localize the site of accumulation of the
radiopharmaceutical at the target tissue, guiding the surgeon through an
acoustic signal.

— SLNB can be applied to solid epithelial cancers and, in particular, SLNB
has been validated in breast cancer and melanoma.

— SLNB allows detection of micrometastases and isolated tumour cells by
detailed histopathological analysis.

3.3. SLNB IN BREAST CANCER

Breast cancer is the most frequent type of cancer diagnosed in women
worldwide. In the USA, more than 209 000 new cases were diagnosed in 2009,
with more than 40 000 deaths from this malignancy [3.4].

The rationale for SLNB in the surgical treatment of breast cancer is based
on the fact that, in the case of lymphatic metastasis, the tumour spreads through
the lymphatic system following an orderly progression, from the first level to
higher levels (Fig. 3.1). Therefore, the first lymph node encountered by the lymph
in its route from the site of the primary tumour to the basin of lymphatic drainage
(i.e. the SLN) is the most likely to be the first site of metastasis, and is therefore
to be considered as the ‘lymph nodal sentinel’ for the detection of early lymphatic
metastasis; conversely, the absence of metastasis in the SLN stands for absent
metastatic involvement of all other lymph nodes in the same lymphatic chain.

Thus, in breast cancer as in other solid tumours, the SLN is a lymph node
that first receives direct lymphatic drainage from the breast neoplasm. Usually,
there are one or two SLNSs, but occasionally, more nodes can be identified by
lymphoscintigraphic mapping and during an intraoperative search with a
gamma probe. International meetings on SLNB have reached consensus over
the procedures to be employed, and many national and international scientific
societies have published their own recommendations [3.5-3.20].

Once identified (either pre- or intraoperatively through lymphoscintigraphy),
the SLN can be surgically removed and histologically analysed for prognostic and
therapeutic strategy purposes. In fact, when the SLN does not harbour metastasis,
this procedure avoids unnecessary radical axillary lymph node dissection. Only
when metastasis is found in the SLN should radical lymph node dissection
be performed.

Preoperatively, the axillary lymph node status can be assessed by clinical
examination (with rather low sensitivity), by ultrasound (more sensitive,
especially if including fine needle aspiration cytology, if necessary) [3.21] and
by '*F fluorodeoxyglucose PET/CT (>95% specificity, but low sensitivity for
lymph nodes < 5-8 mm in size). Detection of axillary lymph node metastasis by
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FIG. 3.1. Schematic representation of the migration of cancerous cells from primary lesion to
SLNs following lymphatic flow.

any of the above evaluation techniques mandates de novo axillary lymph node
dissection. Therefore, these patients are not candidates for SLNB.

Nevertheless, given the limited sensitivity of imaging techniques for
evaluating the axillary lymph node status, the axillary lymphatic basin must be
explored surgically. In fact, according to the TNM approach, the locoregional
lymph node status is an essential component for prognostic purposes and for
selecting the most appropriate treatment strategy; in this regard, the status of
axillary lymph nodes remains the most important prognostic factor for survival
[3.22].

Depending on the status of the axilla, different therapeutic strategies
are adopted in terms of surgery, adjuvant chemotherapy, radiotherapy and
hormonal therapy. In addition, axillary lymph node dissection provides excellent
locoregional control of disease in the case of metastasis.

About 30%—40% of patients without palpable lymph nodes will develop
macroscopic axillary recurrence if axillary lymph node dissection is not
performed, regardless of adjuvant chemotherapy. However, it should be noted
that in prospective randomized trials, a significant increase of overall survival has
never been demonstrated for patients treated with axillary dissection compared to
those who have not undergone the procedure.

Radical de novo axillary lymph node dissection, in addition to excision
of the primary tumour, has, for some decades, represented the standard surgical
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procedure for patients with breast cancer. However, this surgical procedure
has considerable impact on the wellbeing of patients because a non-negligible
proportion of them (5%-20%) suffer from significant complications such as
prolonged wound healing, pain, lymphoedema and motor sensory impairment.

On the other hand, the fraction of patients who, after lymph node
axillary dissection, are found to actually have axillary metastasis at the time
of lumpectomy is directly related to the diameter of the primary tumour, and
only amounts to approximately 20%—-30% of the cases in early stage breast
cancer. Thus, on average, at least 70% of these patients undergo radical axillary
dissection without proof that they actually need such an aggressive procedure
(yet with the same associated morbidity experienced by patients for whom
axillary dissection is potentially beneficial). In this regard, it should be noted that
the SLNB procedure entails significantly reduced morbidity compared to radical
axillary dissection [3.23].

In the perspective of reducing the number of such unnecessary de novo
axillary dissections, Giuliano et al. [3.6, 3.7] first described, in 1994, their
experience with the use of a vital dye (Evans blue) injected around the primary
tumour site to find SLNs in patients with breast cancer. This technique of
intraoperative lymphatic mapping then evolved (and actually improved) with
the adoption of **™Tc labelled colloids for lymphatic mapping, and with the
introduction of an intraoperative gamma probe for identifying the source of
radioactivity (the SLN(s) that had trapped the radiocolloid injected interstitially
at the tumour site) in the surgical field.

SLNM and SLNB can be performed using the blue dye, the radiocolloid
or both. SLNM with radiocolloids alone leads to successful SLN identification
in more than 97% of cases; the blue dye technique alone has a lower success
rate (75%—-80%). The use of both techniques can further increase the success
rate to 99%, especially when associated with lymphoscintigraphy. The combined
procedure has the advantage of also identifying massively metastatic SLNs,
an occurrence where extensive replacement of the normal tissue (in particular,
macrophages) with tumour cells may prevent efficient radiocolloid accumulation
in the affected lymph node [3.24, 3.25].

When lymphatic mapping is not successful, full axillary lymphadenectomy
is generally necessary to allow assessment of the status of the axillary
lymph nodes.

It should be emphasized that adequate training of a multidisciplinary team
is required to reduce the number of unsuccessful SLNM procedures, as well as the
potentially associated morbidity. In fact, correctly performing radioguided SLNB
is based on the collaboration of different specialists, including surgeons, nuclear
physicians and pathologists. Incorporation of radiologists and radiotherapists into
such a multidisciplinary team should also be encouraged [3.18, 3.26].
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Key concepts of SLNB include the following:

— Radical axillary lymph node dissection has, for some decades, represented
the standard surgical procedure for patients with breast cancer.

— Only in 20%-30% of cases of early stage breast cancer is lymphatic
metastasis detected by radical axillary dissection.

— Approximately 5%—-20% of patients undergoing radical axillary dissection
suffer from disabling complications.

— SLNB is a procedure for identifying those lymph nodes that are most likely
to be the first sites of lymphatic metastasis.

— The absence of metastasis in the SLNs represents absent metastatic
involvement of all other lymph nodes in the same lymphatic chain.

— Only when metastasis is found in the SLN should radical axillary lymph
node dissection be performed.

— The false negative rate (i.e. tumour recurrence in an axilla that had been
classified as negative for metastasis based on SLNB) is 3%—5%.

— Histopathological analysis is more accurate when focused on only one
(or a few) lymph node(s) and combined with complete sectioning and
staining of the whole lymph node, rather than only two to three sections
per node.

— The rates of detection and intraoperative harvesting of internal mammary
chain SLNs are much lower than those for axillary SLNs, and the clinical
significance and impact of internal mammary chain SLNB on outcome are
still being debated.

When the SLNB procedure is correctly performed and the SLN is found to
be free from metastasis, the negative predictive value of this finding for metastatic
involvement of other axillary lymph nodes is very high, ~95%-97%. This means
that only in a low percentage of cases (3%—5%) may the SLNB technique yield
false negative results. In this regard, the false negative rate can be defined as
the proportion of patients with negative SLNB who actually have disease in the
axillary lymph nodes, as shown either by completion axillary lymphadenectomy
(as was initially done in early clinical validation studies) or during follow-up.
The current gold standard to assess the false negative rate for SLN axillary
staging is long term follow-up (assessing for appearance of axillary metastasis
in an axilla that had been classified as negative on the basis of the SLNB). In
fact, sufficient experience has now been published to compare the axilla disease-
free survival time after SLNB and after lymphadenectomy [3.27]. More recently,
the survival benefit of SLNB was addressed in the National Surgical Adjuvant
Breast and Bowel Project trial B-32 (NSABP-32) that randomized 5611 women
to SLNB versus SLNB + axillary lymphadenectomy. After a mean follow-up of
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95.6 months, the SLNB arm displayed a 90.3% survival rate at 8 years versus
91.8% in the axillary lymphadenectomy arm (with the difference being not
statistically significant) [3.28]. These findings, based on long term follow-up,
therefore confirm earlier data from the same clinical protocol suggesting that, in
the case of negative SLNB, there are no significant differences regarding disease-
free survival, overall survival and local control of disease between patients
undergoing de novo axillary lymph node dissection and those not undergoing
axillary dissection because of a negative SLNB [3.29].

Nevertheless, it should be noted that false negative SLNB procedures are
higher in patients with higher pathological grading of the tumour (grade 3),
as well as in patients in whom only one SLN was retrieved intraoperatively,
compared to patients in whom multiple SLNs were retrieved [3.30]. Regarding
analysis of the SLN, it should be emphasized that with this approach, the attention
of the pathologist is focused on only one (or a few) SLN(s), rather than on the up
to 20-25 lymph nodes that are typically retrieved during full axillary dissection.
Therefore, this low nuber of SLNs can be analysed more accurately, for instance,
with complete sectioning and staining of the whole lymph node rather than with
only two to three sections per node. Immunohistochemistry (and, to a greater
degree, molecular analysis using the technique of reverse transcriptase polymerase
chain reaction (RT-PCR)), further improves the sensitivity of analysis, possibly
leading to the identification of micrometastases and even isolated tumour cells,
which cannot be assessed with conventional haematoxylin eosin staining. In this
regard, micrometastasis, which is observed in approximately 10%-20% of the
SLNs so extensively analysed, entails a certain risk of metastatic involvement of
upper echelon lymph nodes. Therefore, SLNB has improved the overall accuracy
of the histopathological staging of the axilla in breast cancer patients because it
enables the detection of minimal nodal metastatic involvement (micrometastases)
in patients with clinically negative axilla.

More recently, the results of a multicentric randomized study have
suggested that radical axillary lymph node dissection may even be unnecessary
for women with early breast cancer (T1 and T2) and axillary isolated tumour
cells or micrometastases in the SLN (detected by haematoxylin eosin staining).
In fact, the local recurrence rate was 2.5% in the SLNB-only group (i.e. patients
who had not been submitted to axillary lymph node dissection despite having had
a positive SLNB) versus 3.6% in the group of patients who had been submitted
to axillary lymphadenectomy because of the positive SLNB finding. These
results demonstrate that SLNB offers an excellent regional control in early breast
cancer patients, even without axillary lymphadenectomy, as well as sufficient
information to select adequate adjuvant therapy [3.31].
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Another issue that deserves consideration concerns the patterns of
radiocolloid migration to the internal mammary chain (IMN) observed in
different patients. Although early studies showed great variation in the frequency
of scintigraphic IMN visualization, it was later found that the detection rate of
IMN SLNs is significantly affected by the depth of radiocolloid injection, in
that lymphoscintigraphic mapping of the IMN requires deep injection of the
radiocolloid, either peritumourally or intratumourally [3.32].

The rates of detection and intraoperative harvesting of IMN SLNs are
much lower than those for axillary SLNs. In particular, IMN SLNs have been
detected in about one third of patients with breast cancer, of which approximately
63%-92% could be harvested during surgery, and, of those, 11%-27% were
metastatic [3.33-3.36].

However, the clinical significance and the impact of IMN SLNB on
outcome are still being debated. In fact, even if there is some evidence that IMN
mapping can lead to upstage migration and modification of treatment planning
for radiotherapy and systemic therapy, there is no evidence supporting that
SLNM of the IMN will improve the outcome of treatment and survival [3.37].

3.3.1. Indications and contraindications for SLNB in breast cancer

Basic recommendations for SLNB include an early stage biopsy of proven
breast cancer (T1 and T2, up to 5 ¢cm in maximum diameter) and appropriate
selection of patients to undergo the SLNB procedure. In particular, preoperative
diagnostic imaging of the axilla must be negative, and must include fine needle
aspiration cytology in the case of suspicious lymph nodes [3.20]. In the case
of preoperative findings indicating metastatic involvement of axillary lymph
nodes, the patient should not undergo SLNB but rather full axillary lymph
node dissection.

The emergence of molecular biology techniques for SLN analysis and
the introduction of newer imaging techniques during SLNM, although posing
new challenges, also enable the resolution of conditions that had been initially
defined as contraindications for performing SLNB in patients with breast cancer.
In fact, several meta-analyses and guidelines have been presented, and have
led to general acceptance of the SLNB procedure in a wider spectrum of cases
than initially accepted, such as in cases of multicentric/multifocal tumours, prior
diagnostic or excisional breast biopsy, ductal carcinoma in situ, after neoadjuvant
therapy or after previous breast surgery (including plastic surgery) [3.38—3.40].

For patients who have had previous breast surgery, lymph drainage may
be changed (and follow unexpected patterns) in patients who have undergone
prior breast or axillary surgical procedures, because non-axillary drainage has
been identified more often in reoperative SLNB than in primary SLNB. In
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73% of patients, migration to the regional nodal drainage basins has been noted
in ipsilateral axillary, supraclavicular, internal mammary, interpectoral and
contralateral axillary nodes [3.41].

Multifocal breast cancer is defined as separate foci of ductal carcinoma
more than 2 cm apart within the same quadrant, while multicentric breast
cancer indicates the presence of separate independent foci of carcinoma in
different quadrants [3.42]. Until a few years ago, SLNB was considered to be
contraindicated in patients with multicentric and multifocal breast cancer because
it was believed that it was difficult to localize the true SLN, and a negative SLNB
result would not exclude, in these cases, the possibility of metastasis being
present in a lymph node draining from other regions of the breast. However, the
majority of the breast can actually be considered as a single unit with lymph
drainage to only a few designated lymph nodes in the axilla [3.43, 3.44].

Several studies have demonstrated an efficacy of radioguided SLNB in
these patients equal to that commonly observed in patients with unicentric breast
cancer. The presence of lymph node metastasis is significantly higher in SLNs,
as well as in non-SLNs in patients with multicentric breast cancer; however, the
sensitivity, false negative rate and overall accuracy of SLNB are similar in both
conditions, although there are some discrepancies between the results reported by
different groups [3.45-3.47].

Debate is still ongoing as to whether SLNB is accurate enough after
neoadjuvant chemotherapy, or whether it should be performed before starting
chemotherapy in patients with locally advanced breast cancer. Performing SLNB
before or after neoadjuvant systemic treatment has advantages and disadvantages
in each case. Before neoadjuvant chemotherapy (as accepted by American
Society of Clinical Oncology guidelines), SLNB yields a more precise axillary,
staging reliable information about the axillary lymph node status. However, it
can delay the beginning of the treatment, and two surgeries can be needed in
the same patient (i.e. SLNB before starting neoadjuvant chemotherapy, then
surgery of the primary tumour). On the other hand, SLNB performed after such
primary chemotherapy can assess the response at lymphatic level, but may lead
to the underestimation of the initial stage [3.48]. Furthermore, after neoadjuvant
chemotherapy, the SLND rate decreases, the rate of false negative cases increases
and the long term local recurrence rate in patients in whom lymphadenectomy
has not been performed because of a negative SLNB has yet to be determined.
This group of patients was previously regarded as ineligible for SLNB, under
the assumption that, after neoadjuvant chemotherapy, the lymph drainage pattern
may not represent the pattern occurring in the tumour basin before chemotherapy,
therefore possibly leading to false negative results. The available data show that
there are no significant differences in the success rate of SLNB according to
clinical tumour size or clinical nodal status, and that the false negative rate is
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not affected by tumour response to chemotherapy. Recently, a systematic review
of 24 clinical SLNB trials in patients with breast carcinoma after neoadjuvant
chemotherapy was undertaken. The global SLN identification rate was 89.6%,
with metastatic lymph node involvement being observed in 37% of the patients;
the overall false negative rate was 8.4% [3.49-3.51].

Although pregnancy has traditionally been considered as a contraindication
to performing radioguided SLNB, the radiodosimetric burden to patients is very
low, and the benefit should be considered in those presenting early lesions. In
pregnant patients with early lesions and clinically/ultrasound negative axilla,
the possibility of performing a 1 day procedure including breast surgery and
radioguided SLNB with administration of a low dose of radiocolloid should be
considered. In fact, the available data indicate that radioguided SLNB can be
performed safely and successfully in pregnant women with breast cancer, as it
entails minimum risk to the fetus [3.52—3.54].

Radiation exposure of the fetus from the administered radiocolloid is very
low and does not increase the risk of prenatal death, congenital malformation or
mental impairment. On the other hand, blue dyes should not be used in pregnant
patients [3.20].

Finally, some conditions that were previously considered as formal
contraindications to SLNB have changed to possible applications, on a patient by
patient basis [3.2, 3.18, 3.38]. These conditions include large or locally advanced
invasive breast cancers (T3), ex situ ductal carcinoma, prior non-oncological
breast surgery or axillary surgery, and the presence of suspicious palpable axillary
lymph nodes.

Key concepts of SLNB include the following:

— Indications for SLNB consist of tumour diameters of less than 5 cm and
a negative preoperative diagnostic imaging of the axilla (including fine
needle aspiration in suspected axillary lymph nodes).

— Absolute contraindications of SLNB include clinical evidence of lymph
node metastasis.

— Other relative contraindications such as pregnancy, multicentric/multifocal
tumours, prior diagnostic or excisional breast biopsy, ductal carcinoma in
situ, previous neoadjuvant therapy or previous breast surgery (including
plastic surgery) are now not completely accepted, and each case has to be
discussed individually.

3.3.2. SLNB procedures in breast cancer

The SLNB procedure consists of several sequential phases: radiocolloid
injection, lymphoscintigraphy, intraoperative detection using a gamma probe
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(aided or not by intraoperative imaging) and, finally, pathological analysis of the
resected SLNs.

Lymphoscintigraphy for SLNM is usually performed approximately 3 h to
24 h before surgery, depending on logistics and/or the scheduled time of surgery.
The radiopharmaceutical most commonly used in Europe consists of colloidal
particles of HSA, ranging in size between 20 nm and 80 nm (Nanocoll), labelled
with *™Tc. A radiocolloid activity of 7-30 MBq is generally injected in a volume
of 0.2-0.8 mL, by means of a 25 gauge needle. In the case of obese patients, the
activity to be administered is increased to 15-55 MBq. Following administration,
the patient is invited to gently massage the breast for a few minutes to facilitate
and accelerate lymphatic drainage.

There are different modalities of radiocolloid administration: intratumoural,
peritumoural, intradermal, subdermal or perisubareolar.

Intratumoural injection requires higher volumes and activities of the
radiopharmaceutical to overcome the high intratumoural pressure owing to
abnormal lymphoneoangiogenesis; such high volumes of the radiocolloid cause
some extravasation towards the peritumoural lymphatic vessels, thus initiating
migration of the radiocolloid, which can be depicted by lymphoscintigraphy.
Because of the reduced efficiency of lymphatic drainage within the tumour mass,
the SLN is often visualized quite late after intratumoural radiocolloid injection.

Peritumoural (or intraparenchymal) administration consists of multiple
injections of the radiocolloid around the tumour, under mammographic or
ultrasound guidance in the event of non-palpable lesions. As observed after
intratumoural injection, this technique results in good visualization of the axillary
lymphatic drainage, but also of the IMN displaying the internal mammary lymph
nodes (in 10%-30% of cases); however, the rate of radiocolloid migration from
the injection site to the SLN is still quite slow.

Subdermal or intradermal injection of the radiocolloid on the skin projection
of the breast tumour allows fast SLN visualization, by virtue of the remarkable
development of the lymphatic network at that level. In fact, under physiological
conditions, most of the lymphatic flow of the breast converges into the subareolar
plexus of Sappey; lymph flow then proceeds from the deep zones to the more
superficial subcutaneous plexus, which drains mostly to the anterior (or pectoral)
group of axillary lymph nodes. With this technique, lymphoscintigraphic
visualization of IMN SLNs is very rare (~1%-2%).

Finally, perisubareolar injection has more recently been proposed, based
on the presence of the lymphatic plexus of Sappey, towards which lymph from
virtually the entire breast seems to drain. It is the simplest method of injection
and could be particularly appropriate in specific cases, such as non-palpable or
multicentric/multifocal tumours, or in the case of previous lumpectomy.
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Numerous studies have shown that, irrespective of the different modalities
of radiocolloid injection described above (peritumoural, intradermal, subareolar),
in virtually all patients, lymphoscintigraphy shows migration to the same SLN
or group of SLNs. These findings therefore suggest that lymph from different
regions of the breast reaches the same axillary lymph nodes.

Lymphoscintigraphy can be performed the day before surgery, or at least
2-3 h prior to surgery. A gamma camera equipped with a parallel hole, low
energy, high resolution collimator is generally used. The patient is positioned
supine, with the arms abducted (in the same position as during surgery), placing
the collimator as close as possible to the axillary region. A *’Co flood source
can be positioned underneath the patient’s body, to obtain some reference
anatomical landmarks in the scintigraphic image. Alternatively, the body contour
can be identified by moving a *’Co point source along the patient’s body during
scintigraphic acquisition.

In the current protocol, a sequence of three static planar scans (in the
oblique anterior, lateral and anterior projections) is acquired at least 5—10 min
after radiocolloid administration (Figs 3.2 and 3.3). Dynamic acquisition can also
be performed, starting immediately after radiocolloid injection, and it usually
consists of sequential sets of a few minutes each. Such a dynamic imaging mode
can be useful (although not always strictly required) to assess the initial kinetics of
radiocolloid migration and to visualize the lymphatic routes leading to the SLNs.
Using a point source of °’Co, it is possible to mark the cutaneous projection of
the SLN, to help the surgeon identify the best surgical approach. In the case of
low/absent migration of the radiocolloid, late acquisitions are performed at 3 h
or 18 h postinjection. In addition to identifying the SLNs, lymphoscintigraphy
is also useful for identification of any unusual lymph draining basins, as well as
radiocolloid migration to IMN SLNSs, or even to intramammary, interpectoral or
infraclavicular lymph nodes.

Major advances in the whole process of SLNM in the preoperative
phase have been made possible by the use of SPECT/CT imaging [3.55, 3.56].
This is generally performed after acquiring delayed planar imaging (mostly
2-4 h after radiocolloid administration). SPECT/CT does not replace planar
lymphoscintigraphy, but should rather be considered as a complementary imaging
modality. The use of SPECT/CT acquisitions is particularly important for the
identification of uptake ‘foci’ in cases of unusual lymph node draining basins,
thus obviating the problem of identifying anatomical landmarks as a reference
for anatomotopographic localization of the SLN(s) [3.57-3.59].
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FIG. 3.2. Oblique anterior (top, left), lateral (top, right) and anterior (bottom) static
projections, acquired 5—10 min after radiocolloid administration, showing exclusive migration
to the first SLN (larger spot corresponds to the injection site).
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FIG. 3.3. Oblique anterior (top, left), lateral (top, right) and anterior (bottom) static
projections, acquired 5—10 min after radiocolloid administration, also showing migration
of radioactivity to lymph nodes adjacent to the first SLN (larger spot corresponds to the
injection site).
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An additional useful application of SPECT/CT imaging is in patients in
whom the SLN is not visualized on planar imaging. Multiplanar reconstruction
(MPR) enables two dimensional display of fusion images in relation to CT and
SPECT, with the use of cross-reference lines allowing navigation between axial,
coronal and sagittal views. At the same time, this tool enables correlation of the
radioactive SLNs seen on the fused SPECT/CT images with the lymph nodes
seen on CT images. This information may be helpful during the intraoperative
procedure, as well as for assessing the completeness of excision using portable
gamma cameras or probes. Fused SPECT/CT images may also be displayed using
maximum intensity projection. This tool enables three dimensional (3-D) display,
and improves anatomical localization of SLNs by summing up various slices.
When using volume rendering for 3-D display, different colours are assigned
to anatomical structures such as muscle, bone and skin (Figs 3.4 and 3.5). This
facilitates better identification of anatomical reference points and incorporates an
additional dimension in the recognition of SLNs.

FIG. 3.4. Fused SPECT/CT image showing a thoracic lymph node (left) and the corresponding
3-D volume and colour rendering (right) showing bone and muscle anatomical structures.

FIG. 3.5. Fused SPECT/CTimage showing an axillary lymph node (left) and the corresponding
3-D volume and colour rendering (right) showing bone anatomical structures.



Intraoperative SLND is facilitated by a preliminary exploration of the axilla,
with a gamma probe, to confirm the correct location of the skin mark placed on
the skin projection of the SLN during lymphoscintigraphy. The gamma probe
does not produce any scintigraphic image, but it yields both a numerical readout
and an audible signal that is proportional to the counting rate, thus guiding the
surgeon to the foci with the highest target/background ratios. A small incision
is then performed in the skin region with maximum radioactive counts, along
the ideal line for axillary dissection. When the tumour is located in the upper
outer quadrant, access to the SLN can occur through the same surgical incision
used for tumour excision. An intraoperative search of the SLN is performed by
moving the gamma probe in different directions to precisely localize areas of
maximum radioactivity accumulation, corresponding to the SLN [3.60].

Once the SLN has been removed, the gamma probe is utilized to obtain an
ex vivo counting rate (to confirm that it is actually the SLN), and the surgical
field is explored again with the probe, assessing residual radioactivity to confirm
removal of the hot node(s). If necessary, the search continues for possible further
radioactive lymph nodes. The SLN and any other nodes so identified are then
sent for complete histopathological analysis.

During the past decade, dedicated portable gamma cameras for real time
intraoperative imaging probes have become commercially available; they are
generally employed not for actual radioguidance during surgery, but to confirm
completeness of SLN removal [3.61-3.63]. Several recent reports outline
the added value of imaging with portable gamma cameras in clinical and
experimental settings for radioguided SLNB [3.64—3.69].

There is no delay between image acquisition and display (real time
imaging), with the possibility of continuous monitoring and spatial orientation
on the screen. However, because non-imaging gamma probes are still the
standard equipment for radioguided surgery, the role of intraoperative imaging
is generally limited, at least so far, to that of an additional aid to the surgeon
for SLN identification. In particular, the usefulness of non-imaging probes in
patients with breast cancer has been ascertained in particular cases with difficult
lymphatic drainage or extra-axillary drainage, in cases with only faint lymph
node radiocolloid uptake, when the SLN is located very close to the injection
site, or finally, when no conventional gamma camera is available.

Novel technological advances have also made it possible to combine a
spatial localization system and two tracking targets to be fixed on the patient’s
body and on a conventional hand held gamma probe, resulting in a new modality
of 3-D localization of the traditional acoustic signal of the gamma probe. This
feature, together with the real time information on depth that the system may
provide, expands the application of radioguided SLNB in oncology, particularly
for malignancies with deep lymphatic drainage patterns [3.70, 3.71].
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On the other hand, the possibility of combining the current
radiopharmaceuticals with other agents opens new avenues for exploration
in SLNB. In this regard, a radiolabelled nanocolloid agent has been combined
with indocyanine green, a fluorescent agent, for sentinel node detection in robot
assisted lymphadenectomy [3.72—-3.74].

For all these new intraoperatives modalities, the preoperative anatomical
SPECT/CT acquisition remains the crucial starting point for optimal
surgical planning.

Key concepts of SLNB include the following:

— The SLNB procedure consists of several sequential phases: radiocolloid
injection, lymphoscintigraphy (aided by SPECT/CT or not), intraoperative
detection with a gamma probe (aided by intraoperative imaging or not) and,
finally, pathological analysis of the resected SLNSs.

— Radiocolloid administration can be performed with different modalities:
intratumoural, peritumoural, intradermal, subdermal or perisubareolar.

— Lymphoscintigraphy is a mandatory step of SLNM performed by a gamma
camera to visualize the lymphatic route and to mark the skin projection of
SLNs with a cutaneous marker.

— SPECT/CT, MPR and volume rendering for 3-D display allows
better identification of anatomical landmarks as a reference for
anatomotopographic localization of the SLN(s).

34. SLNBINCM

CM, which is potentially the most dangerous form of skin tumour, causes
90% of skin cancer mortality, and it can present rather differently from patient to
patient. It is often highly aggressive, and usually fatal if diagnosed in an advanced
stage. Better prognosis is observed in the early stages, when the probability of
distant metastasis is low and resection of the primary tumour and regional lymph
nodes may be curative. The 5 year mortality is approximately 20% in patients
with stages [-1I CM, but it is dramatically higher in stage III (35%) and stage IV
(90%) [3.75, 3.76].

The incidence of CM has increased about threefold over the last 30—40 years.
The main risk factors are represented by age, family history, immunosuppression
and exposure to the sun. In the very early stages of disease (with a Breslow
thickness of 0.76—1.5 mm), the incidence of metastatic involvement of the SLNs
is only about 5%, but it increases up to 20% for melanomas with a thickness
between 1.5 mm and 4 mm. With a Breslow thickness greater than 4 mm, the
incidence of metastases in SLNs rises to about 50% [3.77]. The presence of
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lymph node metastases decreases the survival rate by about half, with the 5 year
mortality being around 70%—-75% in the case of nodal metastasis. Furthermore,
for patients with N1 disease, the number of involved lymph nodes and the
extension of lymph nodal metastatic involvement (microscopic or macroscopic)
are the two most important prognostic factors. Regardless of the Breslow
thickness, the 5 year survival of patients with non-ulcerated melanoma and a
single lymph nodal metastasis is significantly higher than in patients with four or
more lymph nodal metastases (70% versus 27%).

The radioguided SLNB procedure in malignant CM was first reported in
1993 [3.78] using intradermally injected *™Tc sulphur colloid. Since that time,
the use of radioguided SLNB has largely surpassed the use of VBD alone for the
surgical evaluation of at-risk nodal basins in patients with malignant CM [3.79].

The SLN status is included in the latest version of the TNM staging system
for CM, reflecting its importance for staging and treatment [3.80, 3.81]. The
procedure can, in fact, identify patients who may benefit from postoperative
adjuvant therapy and also provides a means of homogeneous stratification of
patients for and within randomized clinical trials [3.12].

Similar to breast cancer patients, in patients with CM, the presence of
an SLN that is free from metastasis obviates the need for lymphadenectomy,
while the presence of metastasis mandates it [3.82, 3.83]. Radical lymph node
dissection is also recommended when SLNB shows micrometastasis, because
approximately 5%—12% of these patients will have metastatic involvement of
non-sentinel nodes. At variance with breast cancer, locoregional lymph node
dissection in the case of a positive SLNB is performed not only for staging/
prognostic stratification, but also for improving overall survival of patients.

Overall, SLNB identifies those 20%—25% of patients who present with
clinically occult regional disease, by guiding the pathologist to perform extensive
analysis of the lymph node(s) most likely to contain metastatic disease. It
can also minimize the morbidity associated with elective lymphadenectomy
(e.g. lymphoedema), by identifying those patients most likely to benefit from
lymphadenectomy after a minor procedure. Moreover, similar to breast cancer,
SLNB in patients with melanoma allows the pathologist to analyse the SLN, using
multiple sections and different staining techniques, much more accurately than is
possible when analysing the numerous lymph nodes retrieved during locoregional
lymph node dissection. After conventional staining with haematoxylin eosin, it
is important to perform immunohistochemistry employing specific antibodies
against the melanoma associated S-100 and human melanoma black 45 antigens
[3.84-3.90].

Molecular biology RT-PCR techniques to detect the messenger ribonucleic
acid of melanoma related molecules such as tyrosinase (the key enzyme in the
synthesis of melanin) and the melanoma antigens recognized by T lymphocytes
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(melanoma antigen recognized by T cells 1 (MART-1 and MART-2) are
also gaining popularity [3.91]. These techniques are characterized by high
sensitivity and specificity, and have high prognostic values. In particular, they
allow identification of patients who, despite a negative SLN by conventional
histopathology, have a tumour recurrence risk between that of patients with
negative molecular analysis and those whose sentinel nodes contain metastasis
by conventional histopathological evaluation [3.92-3.97].

Metastatic spread through the lymphatic system starts with the infiltration
of neoplastic cells through the basal lamina in the connective tissue. After
infiltrating the endothelium of lymphatic vessels, cancer cells follow the
lymphatic flow and home in on the first lymph node encountered (the SLN),
proliferating in the sinusoids and remaining confined in the subcapsular space to
subvert the normal lymph node structure. Accurate staging of lymph node status
is therefore of paramount importance in the management of patients with early
stage melanoma (clinical stages I and II). In fact, SLNB probably has maximum
clinical impact in the early to intermediate stages of the disease (with a Breslow
thickness of less than 4 mm) [3.98-3.101].

Prophylactic lymph nodal dissection in the basin where a metastatic SLN
was found and postoperative adjuvant therapy with interferon type 2p result in
increasing overall survival (especially in the case of micrometastasis).

The success of SLN identification with gamma probe guidance is very
high in patients with CM (~98%), higher than that obtained using the blue
dye technique alone (75%-80%). When combining these two techniques
(radiocolloid and blue dye), the success rate for SLN identification is higher than
99% [3.75, 3.76, 3.102].

While in breast cancer patients, axillary lymphadenectomy performed in
the case of positive SLNB is mainly used to better stratify patients for prognostic
purposes, in CM patients, locoregional lymphadenectomy represents per se an
effective therapy for patients with SLN metastasis. In fact, lymphadenectomy
reduces mortality from about 70% to about 50% in these patients.

In early studies on SLNB in CM patients, complete lymphadenectomy was
performed, regardless of the presence or absence of SLN metastasis, to determine
the accuracy of SLNB. In these early studies, false negative results were observed
in as few as 2% of patients [3.103]. Subsequent studies based on the appearance
of metastasis in lymphatic basins that had been classified as negative by SLNB,
and in which, therefore, lymphadenectomy had not been performed, have
instead reported higher false negative values of between 4% and 16% [3.104].
However, in these studies, the SLN had only been analysed with intraoperative
frozen section histology, which is now known to have a low sensitivity. In some
studies, only haematoxylin eosin staining (without immunohistochemistry or
without multiple sections) had been performed. Therefore, such apparently
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high false negative rates of SLNB may have been related to the accuracy of the
histopathological analysis of SLNs [3.84]. On the other hand, molecular analysis
may ensure maximum accuracy of the technique, and in fact reduces false
negative SLNB rates [3.97].

Key concepts of SLNB include the following:

— SLNB is also employed in patients with melanoma to ascertain
TNM staging.

— SLNB identifies those 20%—25% of patients who present with clinically
occult lymph node disease.

— The presence of an SLN that is free from metastasis obviates the need for
lymphadenectomy, while the presence of metastasis mandates it.

— In the case of a positive SLNB, locoregional lymph node dissection is
performed, not only for staging/prognostic stratification, but also for
improving the overall survival of patients.

— Similar to breast cancer, SLNB in patients with melanoma allows the
pathologist to analyse accurately the SLN using multiple sections and
different staining techniques.

— The success of SLN identification with gamma probe guidance is very high
(~98%), and is greater than that obtained with the blue dye technique alone
(75%—80%).

3.4.1. Indications and contraindications to SLNB in melanoma

Patients with high risk lesions between 0.75 mm and 0.99 mm in thickness
should be considered for SLNB if their melanoma is Clark level IV or V,
ulcerated, shows a vertical growth phase, or has lymphatic invasion or a high
mitotic rate. On the other hand, a contraindication to SLNB in CM is a lesion of
Breslow thickness greater than 4 mm, because in these cases, the probability of
locoregional lymph node metastasis is high, therefore, regional lymphadenectomy
may be indicated, regardless of the SLN status. However, even in these cases,
lymphoscintigraphy can identify unexpected patterns of lymphatic drainage, for
instance, towards distant or contralateral lymph node basins, and SLNB may
identify patients who are node negative and may be spared dissection [3.76].

Prior wide excision with large skin flaps, which may distort the pattern of
lymphatic drainage, may be a contraindication to radioguided SLNB because
lymphoscintigraphy could show unreliable lymphatic drainage, which is different
from that followed by cancer cells prior to surgery.

Lymph from CM lesions localized in the extremities flows from the site
of the primary tumour predictably to the ipsilateral axilla or to the ipsilateral
inguinal lymphatic basins; nevertheless, SLNs may also be found in aberrant
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areas of drainage, such as the epitrochlear nodal basin in the upper extremities
and the popliteal nodal basin in the lower extremities.

On the contrary, the patterns and direction of lymphatic drainage are very
variable and often unpredictable for melanomas in the median and paramedian
regions of the trunk, as well as in the head and neck regions. In these locations,
lymphatic drainage is often ambiguous, with drainage being possible to both
axillary and inguinal regions, or to the contralateral neck [3.105-3.109].

Several studies have demonstrated that lymphatic drainage from melanomas
of the head, neck and trunk cannot be reliably predicted based on the classic
anatomical notions of Sappey. Instead, lymphoscintigraphy directly visualizes
drainage from these sites to SLNs in aberrant locations. This possibility highlights
the importance of preoperative lymphoscintigraphy for performing radioguided
SLNB in these patients.

For melanomas of the trunk, preoperative lymphoscintigraphic localization
to multiple nodal basins has been demonstrated in 17%-32% of patients
undergoing radioguided SLNB [3.110—-3.112].

Likewise, preoperative lymphoscintigraphy identifies in-transit (interval,
aberrant) SLNs in 3%-10% of patients. Metastatic disease is found in
approximately 18% of these in-transit SLNs, which is similar to the rate found in
conventional lymph node basins, and the status of one basin does not predict the
status of the other basin [3.113-3.115].

Key concepts of SLNB include the following:

— Indications for SLNB in melanoma are patients with a Breslow thickness
ranging between 1 mm and 4 mm, or high risk lesions with a Breslow
thickness between 0.75 mm and 0.99 mm (with Clark levels IV or V,
ulcerated, showing a vertical growth phase, or with lymphatic invasion or a
high mitotic rate).

— An absolute contraindication is a lesion of Breslow thickness greater than
4 mm, because in these cases, the probability of locoregional lymph node
metastasis is high (therefore, lymph node dissection should be performed
de novo).

— A relative contraindication is prior wide excision with large skin flaps
because lymphoscintigraphy could show unreliable lymphatic drainage,
which is different from that followed by cancer cells prior to surgery.

3.4.2. SLNB procedures in melanoma
There is general consensus that the optimal modality of radiocolloid

administration in patients with melanoma is intra/subdermal injection. This is
usually performed as multiple administrations around the primary tumour or
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around the recent surgical scar, which is the most common occurrence because
the diagnosis and thickness of melanomas are usually determined by excisional
biopsy. In order not to alter the lymphatic drainage pattern or kinetics, as
could be caused by an excessive increase in interstitial pressure, it is generally
recommended to inject small volumes of radiocolloid, about 0.05-0.2 mL per
aliquot, with each aliquot containing approximately 5 MBq of **"Tc radiocolloid.
The total administered activity is generally higher, usually between 74 MBq and
100 MBq, than that used for breast cancer [3.102, 3.104]. For melanomas of
the extremities, a single injection could be performed perilesionally on the side
towards the axilla or groin.

Lymphoscintigraphy is generally performed using a wide-field-
of-view gamma camera, equipped with a high resolution collimator. Unlike
lymphoscintigraphy for breast cancer, dynamic scintigraphic acquisition should
always be performed for melanoma [3.116]. The dynamic images (one every
30 s or 60 s) are usually acquired during the first 20-30 min from injection, after
which static images of the lymphatic basin reached by the radiocolloid are usually
acquired. Planar static images are acquired in different projections, depending on
the pattern of lymphatic drainage and location of the SLN(s), to identify and mark
with a dermographic pen the skin projection of the SLNs. Lymphoscintigraphy
frequently shows more than one SLN. The most radioactive node may not be
the first one visualized along the pathway(s) of lymphatic drainage, i.e. the
SLN. Dynamic acquisition is especially useful to highlight lymphatic drainage
and to visualize the correct progressive order of lymph nodes along the drainage
pathway (Figs 3.6 and 3.7).

Tomographic imaging with hybrid SPECT/CT equipment is especially
useful when performing lymphoscintigraphy for patients with CM because
it allows better evaluation of the anatomic topographical coordinates of the
lymph nodes and of the surrounding structures. As in breast cancer, SPECT/CT
constitutes a valuable aid to the surgeon for more rapid intraoperative localization
of the SLNs (Fig. 3.8) [3.56, 3.117]. It is useful for providing important additional
information to planar imaging, especially when the sentinel node is located in
uncommon locations that require unusual surgical access.
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(a)

© | @

FIG. 3.6. Planar SPECT dynamic images showing the drainage flow connecting adjacent
lymph nodes (a—b),; an enlarged view of a single frame (c) and the corresponding SPECT-CT
3-D volume rendering display showing bone and muscle anatomical structures (d).

3 3 2 4

(a) (b)

FIG. 3.7. Planar dynamic acquisition showing the migration of radioactivity from the injection
site to the lymph nodes (a). Enlarged view of a single dynamic frame (b).
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FIG. 3.8. SPECT/CT lymphoscintigraphy of a patient with breast cancer showing uptake in
axillary lymph nodes.

SLNB in CM patients is performed within a few hours of
lymphoscintigraphy, on the same day or on the next day, depending on the
institutional preference. The gamma probe is inserted through the incision made
on the cutaneous marker, and it is slowly moved to explore the entire lymphatic
basin. After identification and excision, the SLN should be counted ex vivo
with the gamma probe. The resulting counts are important to confirm that the
excised node is the SLN. Furthermore, the counts constitute a reference for other
radioactive lymph nodes in the basin. The basin should be explored again with
the gamma probe, looking for any other radioactive lymph nodes. These should
be removed if their ex vivo counting rate is higher than 10%—-20% of the ex vivo
counting rate of the SLN [3.118, 3.119].

The role of SPECT/CT imaging for SLNB in melanomas is similar to that
already mentioned for breast cancer. Conventional planar lymphoscintigraphy
offers a clear visualization of SLNs, providing practical information on their
number and location for skin marking and showing unexpected, aberrant and
deeper nodes. However, some important aspects, such as depth and anatomical
relationship of the SLNs with surrounding tissues, cannot be obtained using
planar imaging alone. There are also instances where false negative interpretation
can occur, for instance, when one SLN is obscured by another, or by the nearby
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radiocolloid injection site, when the SLN contains too little radioactivity or
when two adjacent lymph nodes are thought to be a single node [3.120]. In this
regard, the introduction of SPECT/CT [3.121-3.124] has overcome some of
the limitations of planar scintigraphic mapping. SPECT/CT fused images show
SLNs in an anatomical 3-D volume rendering scenario, thus providing a real
anatomical map through which the surgeon can navigate for searching the SLNs
more easily [3.56, 3.125]. Accurate SLN localization leads to improved patient
management owing to changes in treatment or surgical approach. SPECT/CT is
particularly helpful for localizing SLNs draining from primary tumours high on
the trunk, or in the head and neck region.
Key concepts of SLNB include the following:

— The SLNB procedure consists of several sequential phases: radiocolloid
injection, lymphoscintigraphy (aided or not by SPECT/CT), intraoperative
detection with a gamma probe (aided or not by intraoperative imaging) and,
finally, pathological analysis of the resected SLNs.

— Radiocolloid administration is generally performed peritumourally or
around the surgical scar, with at least four aliquots of radiocolloid.

— Lymphoscintigraphy is a mandatory step of SLNM, performed using a
gamma camera to visualize lymphatic routes and to identify the SLNs of
each lymphatic basin.

— SPECT/CT, MPR and volume rendering for 3-D display allow
better identification of anatomical landmarks as a reference for
anatomotopographic localization of the SLN(s).

— In the intraoperative phase, the surgeon is radioguided to localize the SLNs
by a gamma probe (with an acoustic sound) or by a portable gamma camera
(with real time images).

3.5. OTHER APPLICATIONS OF RADIOGUIDED SLNB

As mentioned earlier, SLNB procedures in patients with either breast
cancer or CM have already achieved the status of standard of care for N-staging
purposes, so that further management of cancer patients after primary surgery can
adequately be planned. Nevertheless, potential benefits of this approach can also
be envisaged for other solid cancers, with the rationale of accurately mapping the
status of locoregional lymph nodes while avoiding aggressive procedures based
on extensive lymph node dissection.

Numerous clinical trials have explored the feasibility and accuracy of
SLNB in several oncological conditions, including, among others, tumours of the
head and neck region, the gastrointestinal tract and the genitourinary apparatus.
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Nevertheless, in all these fields, SLNM should still be considered within well
designed experimental clinical trials, as further investigations are required for
defining the clinical impact of this procedure. In this section, the main potential
applications of SLNB in tumours other than breast cancer and melanoma are
briefly listed.

3.5.1. SLNB in head and neck cancers

In addition to melanomas located in the head and neck, the most important
applications of SLNB for tumours of this region concern cancers of the oral cavity.
In these patients, radioguided SLNB is emerging as a highly promising modality
to stage the clinical and radiological NO neck, considering the poor sensitivity
of other commonly used radiological and nuclear medicine staging modalities.
A positive SLN is considered to be an unfavourable prognostic factor [3.126].

However, the role of SLNB in oral cancer is not as well established as it is
for breast cancer and melanoma, and some controversy still persists regarding
the appropriate indication. The procedure has been used for stage T1 or T2
lesions [3.127, 3.128], although several investigators have found selective neck
dissection more appropriate in view of the high risk of nodal metastasis [3.129].
In general, patients with transorally resectable T1-T2 tumours and with negative
lymph node assessment on clinical and radiological examination (including fine
needle aspiration cytology) are considered for SLNB.

SLNB in the head and neck region may be complex owing to difficult
anatomical relations and unpredictable lymphatic drainage. Generally, lymphatic
drainage is expected to occur towards the homolateral lymph nodes of the neck,
but in cancers of the oral cavity, lymphatic drainage can be highly unpredictable,
and contralateral drainage is often seen, even in well lateralized malignancies of
the tongue or floor of the mouth [3.130, 3.131].

Early results regarding the accuracy of SLNB in patients with oral cavity
malignancies, in which both the SLNB procedure and a complete selective neck
dissection were performed, showed accurate staging of regional lymph nodes,
with a 96% negative predictive value [3.132].

Lymphoscintigraphy for SLNM is generally performed some hours before
the scheduled time for surgery. After peritumoural or intratumoural radiocolloid
injection, both planar lymphoscintigraphy and SPECT/CT images are generally
acquired. Intraoperatively, the search for the radioactive SLN is usually
performed using a conventional hand held gamma probe. However, the advent
of new techniques such as the use of a portable gamma camera for intraoperative
SLND or the concomitant injection of radiolabelled and fluorescent colloidal
agents may improve the accuracy of SLNB in head and neck cancers, especially
when the injection site is close to the SLN basin; such combined imaging may, in
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fact, help the surgeon to localize the SLNs in relation to the anatomical level in
the neck [3.133, 3.134].

For thyroid cancer, SLNB may display some benefits for accurate nodal
staging, particularly for detecting metastatic lymph nodes outside the central
neck, and for selecting patients who would benefit from complete neck dissection
and optimized radioiodine ablation therapy. Currently, however, there is no
direct evidence that SLNB is associated with long term clinical and survival
benefits in patients with thyroid cancer. The procedure includes peritumoural
or intratumoural radiocolloid administration and accurate preoperative imaging
to optimally plan lymph node dissection. Well controlled prospective clinical
trials will determine the clinical significance of occult metastases and their early
detection by SLNB in patients with thyroid cancer [3.134].

3.5.2. SLNB in gastrointestinal cancers

Procedures for SLNM and SLNB in gastrointestinal cancers have gradually
expanded in recent years. Lymphatic drainage of the gastrointestinal tract is much
more complicated than other sites, with skip metastasis being rather frequent
because of aberrant lymphatic drainage outside the basin [3.135]. At present, the
applicability of the SLN concept in cancers of the gastrointestinal tract has still to
be established through well designed prospective multicentre studies. The aim of
SLNB varies according to the tumour site.

In cases of oesophageal cancer, SLNB can minimize surgical invasiveness,
but still allow accurate analysis of the lymph node status. In fact, considering that
cancers of the distal oesophagus can metastasize to cervical lymph nodes, while
cancers of the cervical oesophagus can metastasize to celiac lymph nodes, SLNB
is expected to allow for a more selective approach [3.136].

The extent of lymphadenectomy in gastric cancer has been a source of
controversy for decades. Because of a lack of consensus regarding the surgical
approach to lymph node dissection, individualized approaches based on SLNB
are still being debated, and could represent an opportunity worth exploring,
especially in patients with early gastric cancer (T1-T2). In this regard,
laparoscopic function, preserving resection of the primary gastric tumour, in
conjunction with lymphatic basin dissection, guided by SLNB, could become
the standard for treating early gastric cancer. In the event of uninvolved SLNs,
transabdominal surgery could be avoided [3.137].

The most accurate SLNB approach combines both blue dye and radiocolloid
administration (i.e. endoscopic submucosal injection of radiocolloid the day
prior to surgery and endoscopic submucosal injection of 1% isosulphan blue
intraoperatively) [3.138].
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Moreover, SLNB can disclose unexpected and/or aberrant sites of drainage,
thus guiding surgeons to perform a regional dissection approach tailored to the
individual patient [3.139-3.142].

The potential advantages of SLNM in the case of colorectal cancer consist
of the identification of aberrant lymphatic drainage leading to modification
of the intended surgical approach (an event occurring in 5%-8% of patients).
Moreover, following standardized surgical procedure (including selective
lymphadenectomy), SLNB can identify the crucial node(s) to be submitted to
extensive analysis with immunohistochemistry to search for micrometastases.

The overall success rate for radioguided SLNB is generally high. Most
of the failures reported in patients with rectal cancer are most likely because of
local submucosal lymphatic fibrosis induced by neoadjuvant radiation therapy
administered prior to surgery [3.143]. Furthermore, the overall accuracy for
predicting lymph node metastases is generally high (~95%), and the false
negative rate is low.

The modality of radiocolloid administration varies according to the tumour
site, although in most cases, it can be performed during preoperative endoscopy;
as is the case for other tumours, the blue dye is instead injected intraoperatively.
Use of the two agents in combination is reported to lead to better results.
Usually, radiocolloid injection is performed between 2 h and 24 h before surgery,
either submucosally around the tumour (during endoscopy prior to surgery) or
subserosally (during open or laparoscopic surgery) [3.144].

Because of a recurrence rate as high as 30% in node negative colon cancer
patients treated only with surgery and locoregional lymphadenectomy, SLNB
could more appropriately allow for selective focused sampling techniques to
ultrastage patients and ultimately identify a subset of patients who will benefit
from adjuvant chemotherapy [3.145, 3.146]. With this approach, lymph nodal
upstaging occurs in about 20% of the cases. Nevertheless, the clinical impact of
micrometastasis in terms of prognosis and need for adjuvant chemotherapy has
still to be clarified.

In rectal cancer, SLNM could be useful to select patients who would benefit,
after standard surgery, from a selective approach with lateral pelvic lymph node
dissection, which becomes necessary in about 15% of the cases [3.146, 3.147].

Radioguided SLNB has also been applied to patients with anal
cancer [3.148—3.154]. SLN visualization is generally demonstrated in 75%—-100%
of the patients. There are three common pathways of lymphatic drainage from
anal cancers (i.e. drainage to the inguinal, iliac and mesorectal lymphatic basins).
The very frequent finding of bilateral lymphatic drainage emphasizes the
importance of preoperative lymphoscintigraphy for most effectively performing
radioguided SLNB. The inguinal region is the predominant lymphatic drainage
pathway, representing the site of localization most accessible to perform a
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minimally invasive radioguided SLNB. However, large scale prospective clinical
trials assessing the clinical impact of radioguided SLNB in patients with anal
cancer are still lacking.

3.5.3. SLNB in tumours of the female reproductive system

There has also been increasing interest in the use of radioguided SLNB in
gynaecological cancers, because this procedure has been shown to be accurate
for evaluating nodal basins for metastatic disease and is associated with reduced
short term and long term morbidity when compared with complete lymph
node dissection.

Because of the high morbidity rates of lymph nodal dissection, recent
literature continues to support the safety and feasibility of SLNB for early
stage vulvar cancer because the procedure is associated with low recurrence
rates, excellent survival, lower morbidity and shorter hospital stay compared
to classical inguinal dissection. SLNB therefore promises to provide adequate
staging with less treatment related morbidity, especially in selected vulvar cancer
patients in whom it can be considered an alternative surgical approach to full
lymph node dissection [3.155].

For endometrial and cervical cancer, SLNB has been described with
encouraging results, although this application requires further investigation, given
some ambiguity in published reports. In particular, reports on SLNB only include
small groups of patients, and the SLND rates vary depending on the injection
sites/modalities and the agents employed [3.156]. For endometrial cancer, most
studies have reported low false negative rates, with variable sensitivities and
generally low SLND rates. Radioguided SLNB is also promising in early stage
cervical cancer, with detection rates and sensitivities greater than 90%.

3.5.4. SLNB in tumours of the male reproductive system

For cancers of the male reproductive system, the feasibility of radioguided
SLNB is increasingly being explored because of the high incidence of morbidity,
such as lymphoedema and infections, after standard surgery with full lymph
node dissection. Moreover, the introduction of microinvasive surgical techniques
implies the possibility to achieve proper evaluation of the lymph node status,
even with a small surgical incision. This goal can be reached by analysing
SLNs with serial sectioning and extensive histopathological analysis, including
immunohistochemical staining.

There is no consensus on the management of patients with clinically node
negative penile carcinoma, in whom radical inguinal lymph node dissection is
routinely performed, although it turns out to be unnecessary in approximately

60



75%—-80% of patients [3.157]. In addition, this procedure is associated with
substantial morbidity. However, since its clinical introduction, there have been
reservations about the use of SLNB for penile cancer because of the supposedly
long learning curve associated with the procedure and because of possible false
negative cases (up to 21% of procedures) [3.158]. After analysis of the possible
causes of false negative cases, several modifications were introduced to increase
the sensitivity of the SLNB procedure [3.159]. Thus, radioguided SLNB has
currently evolved into a reliable minimally invasive staging technique with
an associated high sensitivity (90%-95%) and low morbidity in experienced
centres [3.160]. However, there are still important differences in the clinical
protocols employed worldwide; harmonization of the different phases of the
SLNB procedure in patients with penile cancer (including how to implement the
learning curve) is therefore needed.

For prostate cancer, where the incidence of complications post lymph
node dissection rises up to 25% with 20 lymph nodes dissected, the main
advantage of SLNB is the possibility to reduce the incidence of such unnecessary
complications [3.161]. Accurate laparoscopic radioguided localization of SLNs
in the pelvis can be challenging, especially when the SLNs are located near the
intraprostatic injection site (because of the high radioactive background) or in
the case of aberrantly located SLNs [3.162]. Original validation of radioguided
SLNB for prostate cancer was based on open surgery and on the use of a
gamma probe to guide detection of the radioactive SLNs (with only 5.5% false
negative cases being reported) [3.163]. SLNB has recently been validated using
a laparoscopic gamma probe during minimally invasive surgery with a similarly
high detection rate (94%) and sensitivity (~95%) [3.164].

Large scale randomized clinical studies are necessary to assess and validate
the added benefit of SLNB in patients with testicular cancers. In this regard, only
a few studies [3.165-3.167] have been published, all with small size populations
(<25 patients per study), which are therefore without the statistical power and
follow-up data to assess sensitivity/false negative rates. On the other hand, in
these patients, radioguided SLNM and SLNB was found to be potentially useful
to detect aberrant lymphatic drainage [3.165-3.167] and to identify those selected
patients who would benefit from adjuvant treatment after orchidectomy.
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4.1. SUMMARY

Tilmanocept is a synthetic molecular radiopharmaceutical that was designed
to minimize the limitations of currently used agents for SLN identification.
Optimal size and specific binding properties allow for improved lymphatic uptake
and high retention in the sentinel node, ultimately allowing for an improvement
in the accuracy of cancer staging in diseases that utilize SLNM. The use of
tilmanocept avoids dangers associated with the use of human or animal derived
substances, and has a superior safety profile, avoiding the adverse reactions
associated with many of the other agents used today. Furthermore, its chemical
properties allow for the attachment of additional imaging reporters, permitting
future multimodal imaging of the SLN via a molecular target.

4.2. INTRODUCTION

The SLN is the first draining lymph node in a lymphatic basin and is,
therefore, the most likely lymph node to harbour metastatic disease. The concept of
the SLN was first introduced by Cabanas in 1977 [4.1]. In 1992, Morton et al. [4.2]
developed a dye based technique for intraoperatively finding the SLN. If the SLN
is negative for tumour metastasis, the procedure can be used in lieu of complete
regional lymphadenectomy [4.3], minimizing morbidity.

SLNB has been used for many solid tumours and has been validated in
breast cancer and melanoma as a strong predictor of lymph node status and
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long term patient outcome [4.4, 4.5]. While SLNB has been proven to be feasible
and reliable, there is still a question as to the optimal agent for SLN identification.
The procedure was conceived using VBD that could enter and image lymphatics,
and has been validated and improved upon by combining the VBD with a
radiopharmaceutical [4.1, 4.6].

Current radiotracers were not specifically designed for SLN imaging
and rely on passive uptake. Technetium-99m tilmanocept has been designed
to address the shortcomings of the older lymphatic radiopharmaceuticals. On
13 March 2013, the FDA approved **™Tc tilmanocept for intraoperative lymph
node mapping for breast cancer or melanoma.

4.2.1. Background

Identifying the SLN with high precision is crucial for accurate staging and
for monitoring disease progression. It is most commonly used in breast cancer
and melanoma; however, it has also been used in various gastrointestinal [4.7] and
gynaecological cancers [4.8], as well as in cancers of the head and neck [4.9]. The
current technique of SLNB involves the injection of a lymphatic mapping agent,
which is most commonly a combination of a VBD and a radiopharmaceutical
Tc labelled colloid [4.10]. Dissection is carried out until the SLN is identified
intraoperatively via visualization of a blue hue or an acoustic signal from a hand
held gamma probe.

Blue dye and colloid based radiotracers are not specifically designed
for rapid and specific uptake into the lymphatic system, or for retention in the
sentinel node. Their biological properties are largely dependent on passive
diffusion governed by particle size. The speed at which a particle enters and stays
within a lymph node is related to the size of the particle [4.6]. While particles
less than 4-5 nm easily enter lymph channels, their small sizes do not permit
long SLN retention times. Larger colloids are taken up by lymphatics at a slower
rate, but are retained in lymph nodes for longer periods of time, presumably via
phagocytosis by recticuloendothelial macrophages [4.6].

Technetium-99m labelled sulphur colloid was introduced in the mid-1960s
for use in hepatic imaging, but has become the most commonly used colloidal
SLN imaging agent in the USA [4.11]. A filter can be applied to theoretically
limit the particle size to 50-200 nm; however, its relatively large overall size
results in slow entry into the lymphatic system, as well as slow injection site
clearance. Other preferred radiotracers are Nanocoll (GE Healthcare, Milan,
Italy) and **™Tc HSA nanocolloid (4-80 nm), which are most commonly used
in Europe, and Lymph-Flo (Royal Adelaide Hospital, Adelaide, Australia) and
9mTe colloidal antimony sulphide (~10 nm), which are most commonly used in
Australia [4.12, 4.13].
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Blue dyes also rely on passive diffusion to enter the lymphatic system,
and, owing to their small molecular size, they clear quickly from the lymph
nodes [4.6, 4.14]. Isosulphan blue (Lymphazurin) is the most commonly
used VBD for intraoperative lymphatic mapping in the USA. It is injected
intraoperatively, with visualization of the afferent lymphatics possible within
minutes. VBDs have been associated with rare, but significant adverse reactions,
including anaphylaxis and cardiopulmonary arrest [4.15, 4.16].

4.2.2. Ideal sentinel node imaging agent

An ideal SLN imaging agent would exhibit rapid injection site clearance,
while not interfering with detection of sentinel nodes in close proximity to the
injection site. The tracer should exhibit rapid SLN accumulation with sustained
SLN retention. High SLN uptake with low leakage to higher echelon nodes
allows for more flexibility in the scheduling of imaging. The agent must also have
a favourable safety profile, specifically, with no associated adverse reactions.

In addition, the agent must be synthetic and provide for future development.
These features are not exhibited by the current agents, which are colloidal
forms of albumin, sulphur and/or antimony. Nanocoll is composed of albumin,
which is derived from human blood. This has a serious disadvantage during
production, when the chemistry manufacturing and control protocols must be
constantly updated for continuous monitoring of viral contamination. Although
the probability of a viral ‘breakthrough’ into the final radiopharmaceutical kit
is extremely low, the cost of screening the donated blood and the associated
regulatory compliance is very high [4.17]. Currently, the donated blood used to
produce Nanocoll is tested for hepatitis B surface antigen, HIV antibodies and
antibodies to the hepatitis C virus [4.18]. The sulphur and antimony sulphide
colloids do not offer a path for future development. These agents consist of
chemical constituents that are not amenable to chemical modification. Examples,
which are not possible for these agents, would be the attachment of fluorophores
for hybrid imaging or chelation systems, to which PET or therapeutic
radioisotopes can be attached.

4.2.3. Technetium-99m tilmanocept

Technetium-99m tilmanocept (Fig. 4.1) [4.19] is a synthetic receptor
binding radiopharmaceutical that was designed [4.20] to address the shortcomings
of commonly used SLNM agents. Tilmanocept is the generic name for DTPA
mannosyl dextran. It is a macromolecule composed of a dextran backbone and
multiple subunits of DTPA and mannose. Figures 4.2—4.4 illustrate the chemical
synthesis of tilmanocept, which culminates in the attachment of DTPA and
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FIG. 4.1. Technetium-99m labelled tilmanocept, *"Te DTPA mannosyl dextran, is composed

of repeated units of mannose (green) and units of DTPA (red) attached to a 10 kg/mol chain
of glucose.
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FIG. 4.2. Production of tilmanocept starts with the attachment of aminoterminated leashes,
which uses a two step process to prevent cross-linking of the dextran.

mannose to residues on the dextran backbone. The molecule has an average size
of 7 nm, which allows for rapid entry into lymphatic channels and rapid injection
site clearance [4.20]. Production yields 200 g of tilmanocept. The synthesis
begins with the attachment of the aminoterminated leashes, which is a two step
process that prevents dextran cross-linking. This is necessary to produce a high
density of attachment sites, and consequently, the ability to attach a high number
of substrates and chelators or imaging reporters. The high density of receptor
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FIG. 4.3. The ratio of starting reactants, 2-imino-2-methoxyethyl-1-thio-D-manno-pyranoside,
and the number of amino terminated side chains of the conjugated dextran control the mannose
density (average number of mannose groups per dextran) of the product.
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FIG. 4.4. The mixed anhydride method [4.21] was used to attach DTPA. This method prevents
cross-linking of the dextran backbone.

71



substrates enables multivalency, which increases receptor affinity [4.22]. A high
density of imaging reporters is a significant consideration during the design of
magnetic resonance and CT based contrast agents [4.23, 4.24].

The DTPA side chains enable efficient radiolabelling with *™Tc [4.20].
Typical radiolabelling yields were in excess of 98% [4.20], and remain stable
at room temperature for at least 20 h (Fig. 4.5). This is in contrast to filtered
mTe sulphur colloid, which typically [4.25] loses stability after filtration
(Fig. 4.6). The selection of DTPA as the chelator was based on clinical experience
with #Tc galactosyl neoglycoalbumin [4.26], which is commercially available
in Japan as Galactoscint (Nihon Mediphysics, Tokyo). This agent successfully
uses DTPA as the chelation system; it exhibited a plasma clearance equivalent
to that of '*'T albumin [4.27]. A nitrogen sulphur tetradentate chelation system,
mercaptoacetyltriglycine (MAG;), which provided similar radiochemical yields
and stability [4.28], was explored, but the development was discontinued when
it was realized that the FDA would require preclinical toxicology studies with
the radiolabelled agent. This is because the chemical structure of the chelation
system changes during radiolabelling as the low pH and heat remove the benzoyl
protecting group to expose the SH group. Another disadvantage of MAGs; is its
inability to chelate +3 cations, which would prevent radiolabelling with '''In,
Ga or ®Ga.

[99”‘Tc]DTPA-mannosyI—Dextran
m\f\ A A R A TAT A . e LA

80 | 4

60 |

40 |
20 | Whatman 31ET
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O'JAJAJA;
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FIG. 4.5. Stability of the *"Tt radiolabel at room temperature.

Percent bound (%)
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The mannose units act as ligands for the mannose binding protein
receptor [4.29], which has been designated CD206. This receptor resides at the
cell surface macrophages and dendritic cells in high concentrations. Figure 4.7
is a Scatchard plot of *™Tc tilmanocept binding to J774E cells, which are
macrophages that express CD206. The equilibrium dissociation constant K, was
0.36nM [4.30]. Low K|, values denote high receptor affinity. As a general rule,
receptor binding radiopharmaceuticals [4.31] designed for high tissue extraction
require dissociation constants in the subnanomolar range. High binding affinity
allows for improved retention in sentinel nodes and diminished leakage into
higher echelon nodes.

Initially, an SLN agent was constructed with a polylysine
backbone [4.32]. The molecule DTPA mannosyl polylysine, consisting of 18
DTPAs, 82 mannosyl groups attached to a chain of 100 lysines, provided receptor
specific images of rabbit popliteal and axillary lymph nodes that gave a mean
lymph node accumulation of 2.9% of dose 24 h after injection into each foot-pad.
A non-specific agent, DTPA polylysine, delivered one tenth of the radioactivity
at the same time after injection. Although the polylysine construct demonstrated
receptor specific delivery, it was elected to design the agent based on a dextran
backbone. This decision was based on three reasons: polylysine is very expensive,
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FIG. 4.7. High density of mannose substrates, 55 per dextran, produced a receptor binding
radiopharmaceutical with high binding affinity. The slope of the line within the inset graph
provides a measure of the equilibrium dissociation constant K, (0.36nM).

it has a very limited human use database and it is relatively hydrophobic. Dextran
is inexpensive and has a well established safety record [4.33]. Additionally,
clinical grade dextran is available in highly defined molecular sizes, and, most
significantly, is very hydrophilic.

4.2.4. Lymphoseek

Lymphoseek (Navidea Biopharmaceuticals, Dublin, OH) is a formulation
that contains tilmanocept. The radiolabelling of tilmanocept with ™ Tc employs
an ‘instant’ kit method. The Lymphoseek kit is composed of two vials: one
containing a lyophilized drug product, tilmanocept, and one containing a dilutant
buffer solution. Lymphoseek contains tilmanocept (0.25 mg, 16 738 g/mole),
trehalose dehydrate (20 mg), glycine (0.5 mg), sodium ascorbate (0.5 mg)
and stannous chloride (75 pg). The average mannose and DTPA densities
of the Lymphoseek preparation are 16.8 mannose units per dextran and
4.4 DTPA units per dextran, respectively. The dilutant buffer solution was
0.2M phosphate buffered saline (PBS). The tilmanocept synthesis, Lymphoseek
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product formulation and vial preparation were performed using current good
manufacturing practice guidelines and a chemical and manufacturing control
package registered with the FDA.

Radiolabelling was conducted via the following steps. A sterile, apyrogenic
and oxidant free solution of sodium pertechnetate *™Tc in injectable isotonic
saline was added to the vial containing the lyophilized drug product. Isotonic
injectable saline was then added to the vial to produce a 0.5 mL volume. The vial
was then gently swirled to produce a clear, colourless solution, and was placed
in a lead lined container to stand at room temperature for at least 30 min. The
procedure was completed by adding 1.0 mL of PBS from the kit dilutant vial.
A patient dose for a single intradermal administration consisted of 0.1 mL of
labelled product within a 0.3 mL insulin syringe with a fixed 27 gauge needle.
Quality control consisted of instant thin layer chromatography (ITLC) with
Whatman 31ET as the stationary phase and dry acetone as the mobile phase.
Technetium-99m tilmanocept migrated with the solvent front. During the phase 3
clinical trials, the radiochemical purity typically exceeded 98%. All patients
received 3 nmol of tilmanocept. If SLNM was performed on the same day as
the injection, the total activity administered was 18.5 MBq. If mapping was
performed on the next day, the dose was 37 MBq.

4.3. PRECLINICAL STUDIES

The preclinical studies of tilmanocept were designed to optimize synthesis
and purification, evaluate drug pharmacokinetics and establish biodistribution
and safety profiles.

4.3.1. Pharmacokinetics

The preclinical studies concluded that tilmanocept possessed three ideal
pharmacokinetic properties: rapid clearance from the injection site, appropriate
accumulation in the sentinel node and high sentinel node retention. These
properties allow for improved SLN visualization secondary to reduced injection
site scatter, thus improving the quality of the diagnostic image obtained. Rapid
accumulation allows tilmanocept to be effective intraoperatively, while high
retention in the sentinel node with reduced washout to higher echelon nodes
increases precision and may reduce the number of nodes excised.
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4.3.2. Injection site clearance

Injection site clearance studies were performed in rabbits and compared to
filtered **™Tc sulphur colloid. Tilmanocept was injected subdermally into the feet
pads of rabbits, with a resultant clearance half-life of 2.21 = 0.27 h. This was
significantly faster than filtered *™Tc sulphur colloid at both 1 h and 3 h time
points, which was confirmed after calculation of the percentage of injected dose
(% ID) (p < 0.05) [4.20].

This was also true after endoscopic injection of tilmanocept [4.34] into
the gastrointestinal tract using a porcine model, again, as compared to filtered
mTe sulphur colloid. After endoscopic submucosal injection into either the
stomach or colon, tilmanocept revealed clearance half-lives of 3.83 = 1.18 h and
2.56 + 1.04 h, respectively. This revealed a statistically significant improvement
in injection site clearance (p = 0.03) compared with filtered **™Tc sulphur
colloid [4.35].

4.3.3. SLN accumulation

Rapid accumulation in the sentinel node was demonstrated in porcine
animal studies, where sentinel node uptake of tilmanocept was not statistically
different to uptake of filtered *™Tc sulphur colloid after injection into either the
gastric or colonic submucosa. Tilmanocept exhibited high sentinel node uptake
within 10 min of submucosal injection (0.13%-4.5% ID for gastric lymph nodes
and 0.54%—2.4% ID for colonic lymph nodes) [4.34]. Rapid accumulation within
the sentinel node was also exhibited after peritumoural injection of tilmanocept
in porcine prostate cancer models following prostatectomy [4.36].

4.3.4. SLN retention

Tilmanocept exhibited improved and prolonged retention in SLNs
compared to filtered *™Tc sulphur colloid in rabbit studies comparing sentinel
nodes to distal nodes. Tilmanocept was injected proximal to the popliteal fossa,
and popliteal lymph nodes were compared to distal inguinal lymph nodes to
evaluate retention in the sentinel nodes. At both 1 h and 3 h postinjection time
points, retention for tilmanocept in the popliteal nodes was higher (p < 0.05) than
filtered *™Tc sulphur colloid, representing less leakage of the imaging agent to
the distal inguinal nodes. This was further demonstrated in porcine prostatectomy
studies where tilmanocept was sustained in the SLN for up to 3 h without washing
out to distal nodes [4.35, 4.36].
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4.3.5. Biodistribution, toxicity and absorbed radiation dose

Preclinical biodistribution and toxicity studies have shown that
tilmanocept possesses an acceptable biodistribution profile and favourable
safety profile [4.37, 4.38]. Preclinical safety studies included single dose
acute toxicity in rats and rabbits (50x and 500x scaled human dose) and
dogs (170%, 780% and 1700x), perivascular irritation studies in rabbits (100x),
a repeat dose study in rats and dogs (14 consecutive days at 42%, 85% and
170%), cardiac safety pharmacology studies in dogs (1700x and 3400x),
a sensitization study in guinea pigs (56x%, 113x and 1130x), a lymphoma
mutagenesis study in mice (300%), an in vitro reverse mutation study in bacteria
(0.3 nmol/mL, 0.9 nmol/mL, 3 nmol/mL, 9 nmol/mL and 90 nmol/mL) and an in
vitro micronucleus study in mice (2.5%, 5% and 10x%).

The biological half-life of tilmanocept is 2.21 + 0.27 h, and the effective
dose is half the value of the albumin based nanocolloid, thereby minimizing
radiation dose and exposure to the patient as well as to clinical staff [4.39]. No
direct toxicity, including anaphylactic reactions or increased mortality, were noted
in any of the preclinical animal studies, regardless of dose or route of injection.

4.4. CLINICAL TRIALS
4.4.1. Phase 1 clinical trials

Physician sponsored phase 1 clinical trials, each supported by peer reviewed
extramural funding of the University of California, were conducted to establish
9mTe tilmanocept’s clinical safety profile and biodistribution in human subjects.
They demonstrated that tilmanocept exhibited faster injection site clearance
and equivalent primary SLNs compared to filtered *™Tc sulphur colloid. After
peritumoural injections of 12 breast cancer patients with 1.0 nmol of tilmanocept,
a mean injection site clearance half-life of 2.72 + 1.57 h was measured. This
value was significantly shorter than for filtered **™Tc sulphur colloid, which
exhibited a mean clearance half-life of 49.5 + 38.5 h (p = 0.0025) [4.40]. There
was no statistical difference (tilmanocept: 0.55% =+ 16.8% ID versus filtered
9mTe sulphur colloid: 0.65% + 15.7% ID) in the sentinel node uptake at 3 h
postinjection (p = 0.75). Twelve additional patients were studied at two additional
molar doses (0.2 nmol and 5.0 nmol) [4.37]. No difference in injection site
clearance was observed. The mean amounts of **™Tc tilmanocept in the primary
SLN of the 0.2 nmol, 1.0 nmol and 5.0 nmol groups were 0.11 £ 0.20 pmol, 5.5 +
4.3 pmol and 11.0 £ 8.5 pmol, respectively.
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Additional phase 1 trials were performed using a single 0.10 mL intradermal
injection. Figure 4.8 depicts the injection site clearance of radioactivity after a
single dose intradermal administration of tilmanocept and filtered **™Tc sulphur
colloid in two SLN cases [4.41]. In these cases, tilmanocept exhibited a half-life
of 2.62 £ 0.55 h, versus a filtered *™Tc sulphur colloid half-life of 24.1 = 17.7 h.
The mean SLN uptake of *™Tc tilmanocept, 1.1 + 0.5 %IA/g (% of injected
activity per gram), was lower than filtered *™Tc sulphur colloid, 2.5 + 4.9 %IA/g.
These values were higher than the SLN uptake after a peritumoural injection.

A fourth study compared tilmanocept with unfiltered **™Tc sulphur colloid
while specifically using a ‘2 day’ protocol [4.42]. The purpose of this study was to
assess tilmanocept’s effectiveness with delayed lymphoscintigraphy. Imaging and
intraoperative mapping were performed 18—26 h postinjection. Again, tilmanocept
exhibited faster injection site clearance and equivalent SLN accumulation, which
persisted for longer than 24 h [4.43]. This study demonstrated tilmanocept’s high
SLN retention. This property extends the potential time period from injection to
surgery, permitting 2 day surgical procedures and the ability to image on the same
day as injection without the need for additional imaging on the day of surgery.

Injection site clearance
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FIG. 4.8. Injection site clearance after a single 0.1 mL intradermal administration; **"Tc

tilmanocept (diamonds) exhibited a half-life of 1.16 + 0.10 h and filtered **"Te sulphur colloid
(triangles) exhibited a half-life of 36.7 £ 6.5 h.
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Lastly, a preliminary study was conducted to determine the concordance
between the number of SLNs detected on early and ‘next day’ images, and during
SLNM. Nine women with unilateral breast cancer and one woman with bilateral
breast cancer enrolled in the trial. All patients received *™Tc tilmanocept
(1.0 nmol, 37 MBq) as a single intradermal injection (0.10 mL) the day prior
to surgery. Lymphoscintigraphy was performed at 2 h and 15 h, and SLNB was
performed between 16 h and 24 h postinjection. Lymphoseek administration the
day prior to surgery resulted in the identification of at least one sentinel node in
all cases. A total of 19 lymph nodes were identified by lymphoscintigraphy. The
concordance between the 2 h and 15 h images was 100% (t = 1.0, p = 0.0013;
(t = Kendall rank correlation coefficient)). In the operating room, 20 sentinel
nodes were identified using a gamma detector; the concordance between imaging
and SLNM was 93% (t = 0.93, p = 0.0020). Figure 4.9 shows images acquired at
2 h and 14.5 h after an intradermal injection of *™Tc tilmanocept, demonstrating
sustained uptake by a single lymph node. Only one hot lymph node was found
at surgery 18.9 h postinjection. Although preliminary, this study highlights the
SLN retention of *™Tc tilmanocept. The small molecular diameter provides rapid
SLN uptake, and the high receptor affinity retains the molecules at the SLN for
many hours.

An estimated absorbed radiation dose calculated from these preliminary
studies concluded that the radiation dose for tilmanocept was 25% of that which
would be delivered in an equivalent dose of filtered **™Tc sulphur colloid [4.37].
Furthermore, the remaining radiation dose after tumour excision in melanoma
patients was almost three times higher after filtered *™Tc sulphur colloid injection

FIG. 4.9. Lymphoscintigraphic images (anterior) acquired at 2 h (left) and 14.5 h (right)
postinjection of *"Te tilmanocept demonstrated sustained uptake by a single lymph node
(black arrow). The injection site is at the open arrow. Only one hot lymph node was found at
surgery 18.9 h postinjection.
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compared with tilmanocept. No adverse reactions were reported in any patients,
and no significant alterations in clinical laboratory tests were noted [4.37, 4.44].

4.4.2. Phase 2 clinical trials

In 20006, after safety standards for tilmanocept were established, Navidea
Biopharmaceuticals sponsored a multicentre phase 2 clinical trial [4.45] to
evaluate the effectiveness of tilmanocept in breast cancer and melanoma
patients in five cancer centres across the USA (MD Anderson Cancer Center,
John Wayne Cancer Center, Case Western Reserve University Hospital,
University of California, San Francisco, and the University of Louisville). A total
of 80 patients were enrolled, consisting of 31 patients with breast cancer and
49 patients with melanoma. They received 50 pg (3 nmol) of tilmanocept, which
was injected peritumourally. The primary outcome was to establish and evaluate
the applicability of **™Tc tilmanocept as a radiotracer for SLN identification.
Technetium-99m tilmanocept demonstrated an SLN identification rate of 95%,
and the SLN identification properties were conserved across tumour types.
Concordance between tilmanocept and VBD was assessed: it was 89.5% for
breast cancer patients and 97% for melanoma patients. Again, no adverse events
related to tilmanocept were reported.

4.4.3. Phase 3 clinical trials

Two multicentre phase 3 clinical trials have been completed [4.46, 4.47].
The first, NEO3-05, was completed in December 2009, and involved a total of
136 breast cancer and melanoma patients, who provided a total of 215 lymph
nodes. Fifteen institutions participated. The primary end point of NEO3-05 was
concordance of tilmanocept and VBD in the in vivo detection of excised lymph
nodes, identified as SLNs, and confirmed by pathology. Tilmanocept revealed a
98% overall concordance rate, which was consistent across tumour types. Reverse
concordance was established to determine whether tilmanocept identified lymph
nodes that VBD had not identified, and revealed that tilmanocept was able to
identify 85 additional lymph nodes that had been missed by VBD; 18% of those
missed nodes were found to contain cancer after final pathological evaluation.
This analysis translated into a false negative rate for VBD that was three times
that of tilmanocept.

A second phase 3 clinical trial, NEO3-09, was completed in 2011. This trial,
which used the same entry criteria and end points as NEO3-05, was implemented
to extend the safety database. It involved a total of 229 lymph nodes and
resulted in a concordance rate of 100%, in that all nodes were identified by both
tilmanocept and VBD. Tilmanocept’s failed detection rate in this study was 0%,
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which confirmed observations from NEO3-05; across the studies, tilmanocept
missed no lymph nodes that contained cancer, and facilitated cancer detection in
6 out of a total of 55 patients (10.9%) with node positive disease whose cancer
would have been entirely misdiagnosed had VBD been used as a single agent.

No serious tilmanocept related adverse events were reported in the
340 patients who participated in NEO3-05 or NEO3-09, whereas VBD caused
anaphylaxis in one patient, which is consistent with reported severe adverse
events associated with VBD and/or other radiolabelled colloids.

An additional phase 3 trial, NEO3-06, has completed enrolment.
This trial studied 83 patients with head and neck cancer. After SLNM with
PMTe tilmanocept, a complete lymphadenectomy was performed. The primary
end point of the study was to measure the false negative rate. Results from the
statistical analysis and reporting of the findings will be available upon completion
of full site and data audits planned for later in 2013. An interim evaluation [4.48]
based on 19 disease positive patients from three sites revealed a false negative
rate of 0%.

4.5. RETROSPECTIVE COMPARATIVE STUDIES

Since the completion of the tilmanocept clinical trials, there have been
two studies that addressed tilmanocept’s effectiveness compared to other
sentinel node imaging agents. Both used meta-analysis of data pooled from the
two tilmanocept phase 3 trials, NEO3-05 and NEO3-09, and compared them to
meta-analyses of retrospective reviews of the clinical literature.

4.5.1. Comparison to radiocolloids

Results from one of the retrospective reviews revealed a sulphur colloid
localization rate of 94.13% and a degree of localization of 1.6 after meta-analysis
of the three peer reviewed studies, which, when compared to the tilmanocept data,
showed that tilmanocept was superior in both end points measured. It should be
noted, however, that no distinction between filtered or unfiltered sulphur colloid
was made in this retrospective review.

A second retrospective review compared identical tilmanocept data to a
review of the *™Tc albumin colloid (Nanocoll) literature. Six European trials were
used to derive a *™Tc albumin colloid benchmark to which the tilmanocept end
points could be compared. Meta-analysis [4.49] revealed a Nanocoll localization
rate of 95% and a degree of localization of 1.67, and similarly concluded that
tilmanocept was superior to *™Tc albumin colloid in both end points evaluated.
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4.6. ADDITIONAL IMAGING MODALITIES
4.6.1. Rationale

One of the design requirements of the present study is the ability to
chemically attach additional imaging reporters. This can be accomplished using
tilmanocept by two independent means. First, the selection of DTPA permits
radiolabelling with other +3 cations such as ®*Ga or '"In. The first isotope, which
is generator produced, would permit PET imaging, and the second isotope would
permit imaging at later time points. A second means of adding an additional
imaging reporter would be covalent attachment to one of the aminoterminated
leashes that were not used to couple DTPA or mannose to the dextran backbone.
Approximately five aminoterminated leashes per dextran are available for
conjugation. This mechanism provides an opportunity to attach a fluorescent
reporter [4.50] for optical imaging. The motivation for the fluorescent imaging
reporter would be the ability to combine nuclear and fluorescence imaging.
A dual modality agent composed of both fluorescent and nuclear imaging
reporters would permit whole body or regional imaging, and the fluorescent
reporter would provide images or detection within the surgical field. SLNM is an
excellent clinical setting to utilize this opportunity.

4.6.2. PET imaging

Tilmanocept has been radiolabelled with ®*Ga [4.51]. Figure 4.10 is a fused
PET/CT coronal cross-section of a beagle dog acquired 90 min after a transrectal
injection into the prostate. The 1.5 mL dose contained 3.0 nmol of ®*Ga tilmanocept
(10 MBq). The right common iliac lymph node had a standardized uptake value
(SUV) of 54 and the SUV of the left common iliac lymph node was 53. SLNM,
conducted 2 h postinjection, detected both lymph nodes; the right common iliac
lymph node had a count rate of 1461 counts/min and accumulated 0.18% ID, and
the left common iliac had a count rate of 2175 counts/min, which represented
1.66% ID. Two other lymph nodes, the right external iliac and periaortic, were
visualized in other cross-sections. Four dogs were studied. There was a high
concordance of PET/CT imaging to intraoperative SLNM, with a sensitivity
approaching 93% for all nodes when the ex vivo count rates exceeded
threefold background.
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FIG. 4.10. Coronal fused PET/CT cross-section of a canine pelvis acquired 90 min after a
10 MBq prostate injection of **Ga tilmanocept. Two lymph nodes (LNs) are visualized (white
arrows), the urinary bladder (blue arrow) and injection site (vellow arrow) are also within the
field of view.

4.6.3. Fluorescence imaging

A near infrared (IR) cyanine (Cy) dye has been covalently attached to
tilmanocept. A series of experiments [4.30] was carried out with *™Tc labelled
Cy7 tilmanocept (Fig. 4.11). The goal was to establish that the attachment of the
fluorescent tag did not alter the receptor binding properties of tilmanocept. In vitro
binding assays to a macrophage cell line demonstrated that the subnanomolar
affinity was maintained and that non-specific binding was not increased. Optical
SLN imaging performed in mice (Fig. 4.12) demonstrated dose dependent SLN
accumulation, which is a hallmark of in vivo receptor mediated binding [4.52].
These studies formed the motivation for development of a fluorescence imaging
version of tilmanocept. Optical imaging will enable a wider dissemination of
the SLN concept to hospitals without access to radiopharmaceuticals. This
is especially true in developing countries, where hospitals are not equipped to
handle radioactivity [4.53].
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FIG. 4.11. A fluorescent imaging reporter, Cy7 (blue), was covalently attached to tilmanocept
via an amino terminated leash. Fluorescence spectra demonstrated an emission peak at
780 nm, which is a 7 nm red shift from unattached Cy?7.
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FIG. 4.12. An optical image at 150 min after a 0.11 nmol dose of Cy7 tilmanocept produced
an SLN (arrow) with an integrated fluorescence intensity with the region of interest of
780 x 10° counts. The pixel with the highest fluorescence intensity had 64 x 10° counts. A time
intensity curve from the SLN demonstrated sustained accumulation from 140 x 10° counts at
15 min to 800 x 10° counts at 100 min.
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5.1. SUMMARY

The unique features of the organometallic technetium and rhenium
tricarbonyl moiety have earned considerable attention in the design of novel
specific radiopharmaceuticals in recent years. As part of the CRP focused on
the Development of *™Tc Radiopharmaceuticals for Sentinel Node Detection
and Cancer Diagnosis, the design of mannosylated dextran derivatives loaded
with pyrazolyl (pz) diamine and cysteine chelating units for coordination to the
organometallic core fac-[M(CO),]" (M = Re, *™Tc) are reported in this chapter.
The corresponding rhenium derivatives were prepared as congeners of the
9mTe(CO); mannosylated dextran and used as non-radioactive alternatives for
large scale synthesis and structural characterization.

5.2. INTRODUCTION
Technetium-99m is the most widely used radioisotope in nuclear medicine,

with an estimated 40 million annual radiodiagnostic procedures carried out
worldwide [5.1]. The preferential use of **"Tc based radiopharmaceuticals
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reflects the almost ideal nuclear properties of the isotope, as well as their low cost
and on-site availability from commercial ?Mo/*™Tc generators. Technetium-99m
emits a 140 keV y ray with 89% abundance, which is close to optimal for imaging
using commercial gamma cameras. The 6 h half-life is sufficiently long for
preparation of the radiopharmaceutical in situ and for in vivo accumulation in the
target tissue, yet short enough to minimize radiation dose to the patient. Moreover,
this radioisotope presents a wide range of oxidation states, from —I (d®) to + VII
(d%), which enables diverse coordination chemistry and the preparation of a wide
variety of complexes with different biological properties [5.2, 5.3].

Because *’™Tc complexes are always obtained in very low concentrations
(10'°™M—10""M), their structural characterization is performed indirectly
by synthesizing analogous complexes with the relatively stable **Tc isomer
(half-life: 2.14 x 10° years, p~ decay) or with the non-radioactive VIIB
congener rhenium (Re). The rich coordination chemistry of Tc and Re led to
the design of complexes with improved biological properties towards target
specific SPECT imaging (*’™Tc) or therapy ('3¢'*¥Re). The higher oxidation
states (+V, +IV and +III) have been extensively explored for the development
of ®™Tc radiopharmaceuticals, with the most studied cores being [Tc=O]*",
[0O=Tc=0]" and [Tc=N]*" at the +V oxidation state. Presently, most of the
perfusion and target specific *Tc radiopharmaceuticals in routine clinical use
have the [Tc=0]>" core [5.2-5.5]. Recently, the lower oxidation state +I received
considerable attention when Alberto and co-workers developed a convenient
and fully water based methodology to prepare the organometallic precursors
fac-[M(CO)5(H,0),]" directly from permetallated salts [MO,] (M=Tc,Re)
[5.6-5.9]. Initially, fac-[*™Tc(CO),(H,0),]" was synthesized by direct reduction
of Na[*’™TcO,], with sodium borohydride in aqueous solution in the presence of
carbon monoxide. After this first important achievement, an even more attractive
method was developed, which involved the use of boranocarbonate, K,[H;BCO,],
to produce CO in situ, and, simultaneously, to reduce Tc(VII) to Te(I). Currently,
the synthesis of the precursor is carried out using a kit formulation (IsoLink,
Covidien, formerly Mallinckrodt Medical BV).

The tricarbonyl moiety offers a great number of advantages for the design of
novel radiopharmaceuticals. The compact nature of the core fac-[M(CO),]" with
an almost spherical shape renders a tight octahedral coordination sphere with the
appropriate ligand system, preventing further ligand attack or reoxidation. The
low spin d® electronic configuration of the metal centre is, in general, associated
with complexes of high thermodynamic stability and kinetic inertness, which
are key issues for in vivo applications. Moreover, the low MW tricarbonyl
moiety allows the labelling of relevant biomolecules in high yield and with high
specific activity.
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All three water molecules in the precursor fac-[*™Tc(CO),(H,0),]" are
very labile and can be replaced by mono, bi or tridentate chelating ligands to
form stable complexes. Among these, the complexes stabilized by tridentate
ligands display the highest stability, both in vivo and in vitro. Histidine, pyridine,
pyrazole, thioimidazole and cysteine derivatives, together with pure aliphatic
or mixed aromatic aliphatic triamines stabilize the organometallic core quite
efficiently, allowing the preparation of complexes with different biological
properties. Among these, pz diamine and cysteine derivatives have been explored
as efficient tridentate N, N, N and S, N, O donor atom ligands, respectively, for
stabilization of the fac-[M(CO);]" moiety. The coordination mode of these model
chelators has been well established by X ray structural analysis (Fig. 5.1) and by
nuclear magnetic resonance (NMR) spectroscopy [5.10—5.13].

Derivatization of such ligands gives bifunctional chelators that allow the
conjugation and labelling of a wide range of biologically active peptides and
small molecules. The relevant biological properties of some of those **™Tc(CO),
labelled biomolecules in adequate animal models [5.14—5.23], as well as the well
defined coordination capability of pz diamine and cysteine derivatives towards
the fac-[M(CO),]” moiety, prompted the conjugation of these bifunctional

t NH/‘j fac-[Re(CO)(H,0)a]*
NH, &
/

NH; (E4N),[Re(CO)3Br]

HO\[('\/S\/Ph -

o)

cys1

FIG. 5.1. Molecular structures of Re(CO); complexes stabilized by pz diamine and
cysteine derivatives.
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FIG. 5.2. Schematic representation of mannosylated dextran with pz diamine (DAPM) and
cysteine units (DCM) as chelators for the fac-[M(CO);]* moiety (M = Re, *"Tc).

chelators to polymeric nanoparticles such as mannosylated dextran for SLND
(Fig. 5.2).

5.3. RESULTS

The synthesis of mannosylated dextran containing the pz diamine (dextran
aminepyrazolyl diamine mannose; DAPM) or cysteine chelators (dextran
propyl-S-cysteine mannose with MW = 20 000 g/mol; DCM20) was performed
by following a stepwise procedure (Figs 5.3 and 5.4) [5.24, 5.25]. The preparation
of DAPM involved the attachment of amino terminal leashes to the hydroxyl
units of dextran by addition of cysteamine to allyl dextran (1) to yield dextran
amine (2), followed by conjugation of the activated chelator (pz(Boc)COOQOsucc)
to the free amines. Mannosylation of most of the remaining amino groups in the
final step afforded DAPM (Fig. 5.3).

Depending on the molar ratio pz(Boc)COOsucc/2, the synthetic pathway
allowed the preparation of three mannosylated derivatives that contain 1
(DAPM1), 4 (DAPM4) or 8 (DAPMS) pz units per mole of dextran. In the
case of the cysteine containing dextran derivative DCM20, there are only two
major synthetic steps starting from the allyl dextran derivative (1). The direct
incorporation of the amino acid into the dextran backbone reduced the overall
synthetic steps. Indeed, there is no need to synthesize, activate and conjugate the
bifunctional chelating agent to dextran (Fig. 5.4).
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FIG. 5.3. Synthesis of mannosylated dextran derivatives containing 1 (DAPM1), 4 (DAPM4)
or 8 (DAPMS8) pz units/mol dextran, respectively: (i) BrC;Hs;, NaOH (2.5M), H,O; (ii)
NH,(CH,),SH, (NH,),S,0s, dimethylsulphoxide; (iii) pz(Boc)COOsucc, borate buffer 0.1M,
PpHY; (iv) IME mannose, borate buffer 0.1M, pHY; (v) trifluoroacetic acid (TFA)/H,0.
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FIG. 5.4. Synthesis of DCM20: (i) BrC;H,;, NaOH (2.5M), H,O; (ii) L-cysteine, (NH ),S,0;,
H,0, nitrogen; (iii) 2-imino-2-methoxethyl-1-thio-f-D-mannoside, borate buffer (0.01M, pH9).
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Moreover, the incorporation of cysteine into the dextran backbone
provides an amino group for conjugation to mannose, whereas the remaining
non-mannosylated cysteine groups serve as S, N, O chelators for stabilization of
the fac-[*Tc(CO),]" core.

All compounds were characterized using NMR spectroscopy. The mannose
and the chelator loading in the polymer backbone were determined based on the
"H NMR data. For the DAPM derivatives, the total numbers of mannose, pz units
and free amines per mole of dextran were calculated based on the intensity
ratios of the peaks corresponding to the mannose anomeric proton (J, 5.22),
3,5-Me,pz (J, 2.08) and protons adjacent to free amines (J, 2.74, H°), respectively,
which are easily assigned in the 'H NMR spectra. As an illustrative example,
Fig. 5.5 presents the '"H NMR spectrum obtained for DAPM4, with assignment of
the most relevant peaks.

In an analogous way, the mannose and cysteine loading in DCM20 was
determined based on the relative intensity of the characteristic peaks of each
functionality (Fig. 5.6).

Colorimetric assays (sulphuric acid phenol assay and trinitrobenzene
sulphonate assay) corroborate the NMR results for glucose and amine content per
mole of dextran.

55 50 45 40 35 30 25 20 15 ppm

FIG. 5.5. 'H NMR spectrum of DAPM4 in D,0 at 25°C.
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FIG. 5.6. '"H NMR spectrum (range 6y, 6.15-1.75) of DCM20 in D,0O at 25°C.

AU,
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[min.]

FIG. 5.7. SEC-HPLC trace of DAPM4 (wavelength A = 200 nm, retention time t, = 15.8 min).

The purity of all the polymeric compounds was checked by analytical
size exclusion high performance liquid chromatography (SEC-HPLC). As an
example, Fig. 5.7 depicts a typical SEC-HPLC trace, showing the formation of a
single major product (>98%) assigned to DAPM4.
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The rhenium containing mannosylated dextran derivatives were
prepared by reaction of the precursors fac-[Re(CO),;(H,O)]Br or [NEt,]
fac-[ReBr;(CO),;] with DAPM4, DAPMS8 or DCM20. The resulting metallated
compounds are surrogates of the " Tc(CO), mannosylated dextran derivatives,
and were used as a non-radioactive alternative for large scale synthesis and
structural characterization.

The synthesis of the rhenium polymeric compounds containing the pz
diamine chelator was monitored by reversed phase high performance liquid
chromatography (RP-HPLC) and '"H NMR spectroscopy. As an example, Fig. 5.8
shows the RP-HPLC traces and '"H NMR spectra for the reaction mixture at 1 h
and 16 h, after appropriate work-up of the collected samples.

3,5-Me,pz
——
1.98
1h | 10; tz= 11.5 min zoa_ﬂ "
wom) | | |
5.80 o l.
"I Il\l If I|I A
/ \ T — N IRV
5 015 20 25 5‘5” = e
16 h 13a; tR= 12.6 min 3,5-Me,pz
—
221
Hdp2) 112
6.1
A
5 10 15 20 25 & W= 20 ppm

FIG. 5.8. RP-HPLC (254 nm) and 'H NMR data of the reaction mixture at 1 h and 16 h (25°C).
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After 16 h of reaction, the "H NMR spectra showed the disappearance of
the singlet (d, 5.80) corresponding to H(4) of the free pz diamine chelator, and
the appearance of a new singlet (J, 6.10). At this time point, the reaction was
complete because only one species was detected by RP-HPLC, and the chemical
shifts of the resonances owing to H(4) and 3,5-Me, groups of the pz ring in
Re(CO); DAPM4 and Re(CO); DAPMS8 compare well with other results
described in the literature for Re analogues [5.21-5.23]. The '*C NMR spectra
for the same compounds allowed identification of the resonances owing to the
carbonyl groups of the fac-[Re(CO);]" (J, 195.2-193). Two intense absorption
bands (2027 cm ™! and 1998 cm™') in the IR spectra also confirmed the presence
of the organometallic core (data not shown).

Metallation of DCM20 was achieved after 5 h. In the NMR spectra, changes
are evident in the chemical shifts of protons attached to the coordinating S atom
of cysteine (i.e. the SCH, of cysteine and the OCH,CH,CH,S of the propylene
chain). In addition, the fCH, protons of cysteine broaden and become barely
visible, hiding in the baseline, and becoming visible only when the temperature
of the sample is raised. This broadening provides a solid sign for the coordination
of the S atom of cysteine to the Re(CO); core (Fig. 5.9) [5.11, 5.12].

H,0
a

mannosylated
cysteine
SCH,CH

mannose Arostis Re-coordinated

H1 H,
SCH,CH OCH,CH,CH,S

®mlo hd =

s o M~ o

zlo (=1 Qu

= - o cu

ppm 9 4 3 2

Re-coordirgated

FIG. 5.9. 'H spectrum (range 5y, 5.60—1.70) of Re(CO); DCM20 in D,0 at 25°C.
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Moreover, the IR spectra of Re(CO), DCM20 show strong bands at
2019 cm! and 1895 cm™!, which are attributed to the v(C=0) stretching modes,
denoting the presence of the fac-[Re(CO);]" core. Furthermore, in the *C NMR
spectra of Re(CO); DCM20, three peaks attributed to the carbonyl groups of the
fac-[Re(CO),]" moiety can be clearly seen in the range d. 198-195, which is in
agreement with other S, N, O complexes in the literature [5.11, 5.12]. The purity
of all metallated compounds was checked by SEC-HPLC and RP-HPLC.

The detailed structural characterization of the rhenium congeners allowed
characterization of the *™Tc radioactive nanocompounds. As an example,
Fig. 5.10 displays the RP-HPLC traces obtained for *™Tc(CO); DAPM4
(y detection) and Re(CO); DAPM4 (ultraviolet (UV) detection). Similar results
were obtained for all compounds in this study.

DLS and zeta potential measurements allowed physical characterization
(size and charge, respectively) of the mannosylated dextran derivatives, as well
as the metallated analogues. The final compositions of all the dextran derivatives,
their physical parameters and the calculated MWs for each compound are
summarized in Table 5.1.

The DLS data show that mannosylated dextran containing pz diamine
or cysteine units, as well as the rhenium compounds, present similar particle
sizes. Moreover, the hydrodynamic diameter of the nanopolymers increases
with the polymer backbone functionalization, from dextran (4.3 nm) to final

| Al
( ‘. oc/ | \co
[ :|!I co
! I'.
M=Re / A - N
M= ®nTc |

FIG. 5.10. RP-HPLC traces of M(CO); DAPM4 (M = Re, UV/VIS detection; M = *"Tc,
y detection).
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TABLE 5.1. GROUP DENSITY, HYDRODYNAMIC DIAMETER, ZETA
POTENTIAL AND CALCULATED MWs OF DEXTRAN, DAPM4, DAPMS,
DCM20, Re(CO), DAPM4, Re(CO); DAPM8 AND ReCO; DCM20*

Group density ‘ Zeta MW

Compound (units/mol dextran) Dlagln;t)er* potential* (calculated)

Amine pz Mannose Cysteine (mV) (g/mol)
Dextran —-  — — — 43+04 -99+05 10 000
DAPM4 13 4 13 — 7.0+0.3 6.6+0.3 18 820
DAPMS8 9 8 13 — 7.0+0.7 73+0.6 20132
DCM20 - — 24 6 6.5+05 —63+0.1 22270
Re(CO); DAPM4 13 4 13 — 8.4+0.5 7.1+£0.7 19904
Re(CO); DAPMS 9 8 13 — 8.7+0.3 7.1+0.1 22300
ReCO, DCM20 —- - 24 6 83+0.5 —63+0.1 23083
Note: —, no data available.

* Results are expressed as mean =+ standard deviation.

polymeric compounds (6.5—7 nm). This trend is also observed upon metallation
because the particle size of the derivatives containing pz diamine or cysteine
increased to 8.7 nm or 8.3 nm, respectively. On the other hand, zeta potential
measurements indicated a negative charge for dextran (—9.9 + 0.5 mV). Dextran
functionalization with amines and pz diamine units led to compounds DAPM4
(6.6 £ 0.3 mV) and DAPMS (7.3 + 0.6 mV) with positive surface charges. On
the contrary, DCM20 displayed a negative surface charge (—6.3 = 0.1 mV).
Coordination of fac-[Re(CO),]” moiety to the previous compounds produced no
effects on their surface charges.
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6.1. SUMMARY

In an attempt to prepare a new class of tracers for SLND, the radiolabelling
of mannosylated dextran derivatives containing the tridentate pz diamine and
cysteine chelators for stabilization of the organometallic core fac—[”mTc(CO)3]+
are reported. This chapter demonstrates the optimization of the labelling
conditions to achieve high radiochemical purity and specific activity. These
results are of paramount importance for the biological properties of the
compounds, namely their mannose receptor targeting properties.

6.2. INTRODUCTION

The successful introduction of a stable, water soluble Tc(I) organometallic
precursor by Alberto et al. opened a new avenue in radiopharmaceutical
sciences, mainly when a fully aqueous based preparation of the precursor
fac—[99‘nTc(CO)3(HZO)3]+ by direct reduction of Na[*’™TcO,] with sodium
borohydride in the presence of carbon monoxide was reported [6.1, 6.2]. The
potential of this preparation was enhanced by a remarkable and innovative
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procedure that used potassium boranocarbonate, K,[H,BCO,], to reduce Tc(VII)
to Tc(I) and simultaneously generate CO in situ [6.2]. Currently, the synthesis
of the precursor can be carried out using a kit formulation (IsoLink, Covidien,
formerly Mallinckrodt Medical BV).

Using the tricarbonyl core, a wide variety of new complexes with
relevant biological properties have been designed and evaluated in the past few
years [6.3—6.14].

The easy availability of this Tc(I) precursor has contributed towards
significant progress in radiopharmaceutical chemistry, with the major advantages
including: (a) applicability to a wide range of biologically relevant molecules,
(b) high thermodynamic and kinetic stability of the resultant *™Tc complexes, (c)
high specific activity of the labelled biomolecules, often without any purification
step, (d) relatively low MW of the metal moiety and (e) easy fine tuning of the
pharmacokinetics of the final complexes owing to the wide range of bifunctional
chelators available for the metal core.

In this chapter, the labelling of mannosylated dextran derivatives (DAPM1,
DAPM4, DAPMS8 and DCM20) containing the tridentate pz diamine and
cysteine chelators with the organometallic moiety fac-[**™Tc(CO5)]" is described.
Chromatographic characterization of the resulting radiolabelled dextran
derivatives, as well as the assessment of their stability in vitro, is also reported.

6.3. RESULTS
6.3.1. Radiolabelling with [**™Tc(CO),]*

The mannosylated dextran derivatives bearing the pz diamine (DAPMI,
DAPM4 and DAPMS) or S-derivatized cysteine (DCM20) chelating units have
been labelled with the fac-[*™Tc(CO),]" moiety under different experimental
conditions [6.15, 6.16]. The dextran derivatives DAPM1, DAPM4 and DAPMS
(final concentration: 2.5 x 10°M—5 x 107°M) reacted with the precursor
fac—[99“1TC(CO)3(H20)3]+ in a N, flushed capped vial at 100°C for 30 min,
yielding quantitatively **Tc(CO), labelled mannosylated dextran derivatives
of the type *™Tc(CO);, L (L = DAPMI1, DAPM4 and DAPMS) (Fig. 6.1)
[6.15]. The dextran derivative DCM20 (final concentration: 2.2 x 10 °M)
reacted with the precursor fac-[*™Tc(CO),(H,0),]" in a capped vial at 75°C for
25 min, yielding quantitatively the *™Tc(CO), labelled mannosylated dextran
derivative **™Tc(CO), DCM20 (Fig 6.2) [6.16]. The tricarbonyl precursor
fac—[99‘nTc(CO)3(OH2)3]+ was prepared using a kit formulation (IsoLink).
Briefly, addition of freshly eluted Na[*’™TcO,] solution (1.5-2.0 mL) to an
IsoLink kit, followed by heating for 30 min at 100°C, afforded the radioactive
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FIG. 6.2. Synthesis of *"Tc(CO); DCM20.

synthon fac—[gngc(CO)3(OH2)3]+. The reaction vial was cooled and the solution
neutralized with 1M HCI (160—170 pL) to destroy the remaining boranocarbonate.
The product was controlled by RP-HPLC.

DCM20 was also quantitatively labelled at low ligand concentration (final
concentration: 1.5 x 10 °M) through an efficient one pot reaction, by dissolving
the compound (50 pg) in a Na[*’™TcO,] solution (1.5 mL) and transferring
the resulting solution into the IsoLink kit. The vial was then kept at 100°C for
30 min [6.16].

6.3.2. Quality control
The radiochemical control of all radiolabelled mannosylated dextran

derivatives of the type *™Tc(CO), — L (L = DAPMI1, DAPM4, DAPMS, and
DCM20) was performed by ITLC, RP-HPLC and SEC-HPLC [6.15, 6.16].
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6.3.2.1. ITLC

Analysis was performed using PALL Life Sciences (product 61886) or
Gelman Sciences Inc. (product 51432) strips and three different eluent systems
(A, B, C):

— System A: Methyl ethyl ketone. The [*™TcO,]” migrates with the solvent
front (R, = 1; R;= retention factor), whereas fac—[gngc(CO)3(H20)3]+,
radioactive nanoconjugates and colloidal species stay at the origin (R, = 0).

— System B: 5% HCl 6N/CH,0H. fac-[*™Tc(CO)5(H,0);]" and [*™TcO,]”
migrate with the solvent front (R, = 1), whereas radioactive nanoconjugates
and colloidal species stay at the origin (R;= 0).

— System C: C,H,N/CH,COOH/H,O (3:5:1). Colloidal species stay at
the origin (R; = 0), whereas fac-[*"™Tc(CO),(H,0),]", [*™TcO,] and
radioactive nanoconjugates migrate with the solvent front (R;=1).

Radioactivity detection was performed on a radiochromatographer
(Berthold LB 2723) equipped with a 20 mm diameter Nal(T1) scintillation crystal.

6.3.2.2. HPLC

Technetium-99m(CO); DAPMI, *™Tc¢(CO), DAPM4 and **"Tc(CO),
DAPMS: HPLC analysis was performed on Perkin Elmer equipment coupled to a
gamma detector (Berthold Lb 509) and a UV/VIS detector (Shimadzu SPD-10 AV
or Perkin Elmer Lc 290). Analysis was carried out either by RP-HPLC or by
SEC-HPLC. RP-HPLC: Supelco Discovery Bio Wide Pore C18 25 cm % 4.6 mm,
5 pm analytical column; flow, 1 mL/min; eluents, A, trifluoroacetic acid (TFA)
0.1% in H,O; B, TFA 0.1% in CH;CN. SEC-HPLC: Shodex OHpack SB-803 HQ
analytical column; flow, 0.5 mL/min; eluent, ammonium acetate 0.5M. Resolution
of the column was calculated to be 0.76 = 0.29 min. The wavelengths for
UV detection were 220 nm and 254 nm for RP-HPLC and SEC-HPLC, respectively.

Technetium-99m DCM20: HPLC analysis was performed by two systems.
System I: A Waters 600 chromatography system was coupled to a Waters 991
photodiode array detector and a GABI gamma detector (Raytest). HPLC solvents
consisted of water containing 0.1% TFA (solvent A) and methanol containing
0.1% TFA (solvent B). For the radiochemical analysis, a Nucleosil C18 reversed
phase column (10 pm, 250 x 4 mm) was used. The HPLC system started
with 100% of A from 0 min to 1 min followed by a linear gradient to 30% A
(70% B) in 9 min; this composition was held for another 10 min. The flow rate
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was 1 mL/min. System II: A Waters 600E chromatography system was coupled
to a Waters 486 UV detector and a GABI gamma detector (Raytest) (y trace
for *™Tc). Separations were achieved on a size exclusion column (Shodex
SB-803HQ) (8 mm x 300 mm) eluted with water at a flow rate of 1 L/min.

All radioactive probes were obtained with high radiochemical purity
and specific activity, as illustrated by RP-HPLC radiochromatograms of
99mTe(CO), DAPM4 and *™Tc (CO), DCM20 (Fig. 6.3).

6.3.3. Stability

The in vitro stabilities of *™Tc(CO); DAPMI, *™Tc(CO), DAPM4,
9mTe(CO); DAPMS and *™Tc (CO),. DCM20 towards transchelation were
studied in the presence of a large excess of cysteine or histidine in PBS (~24 h at
37°C). These amino acids have been selected because they are present in several
proteins in vivo and contain a set of donor atoms with high affinity for Tc(I).
Table 6.1 summarizes the radiochemical purities of the radiolabelled dextran
derivatives at different time points.

The results in Table 6.1 show that, despite being obtained in almost
quantitative yield, *Tc(CO), DAPMI displays relatively low stability in
the presence of cysteine and histidine. On the contrary, **"Tc(CO); DAPM4,
9MTe(CO); DAPMS and *™Tc(CO); DCM20 are highly stable under the test
conditions, presenting, in both cases, high radiochemical purity (=90%), even
after long incubation times. Therefore, **"Tc(CO), DAPM4, **™Tc(CO); DAPMS
and *"Tc(CO), DCM20 were selected as the most promising radioactive
compounds to pursue animal studies.

A B
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E 3000-
20004
1000
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FIG. 6.3. RP-HPLC radiochromatograms of (4) *"Te(CO) ; DAPM4 and (B) *"Te (CO) ;_DCM20.
cpm: counts per minute.
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TABLE 6.1. IN  VITRO STABILITIES OF RADIOLABELLED
MANNOSYLATED DEXTRAN DERIVATIVES *™T¢(CO), L (L = DAPMI,
DAPM4, DAPMS, DCM20) IN THE PRESENCE OF CYSTEINE AND
HISTIDINE AT DIFFERENT TIME POINTS

Activity bound to dextran (%)

Compound Cysteine Histidine

0h 2h 4h 6h 2h 4h 6h
9mTe(CO), DAPMI1 98 85 75 ND 89 85 ND
9mTe(CO), DAPM4 98 96 94 90 99 98 97
9mTe(CO), DAPMS 98 95 94 90 99 98 97
PMTe (CO),_DCM20 98 95 94 90 98 96 97

Note: ND: not determined.
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Chapter 7

4 + 1 Te(IIT) COMPLEXES IN THE DESIGN AND
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DEXTRAN MANNOSE DERIVATIVES AS
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7.1. SUMMARY

With the objective to develop a potential *™Tc radiopharmaceutical for
SLND, it was decided to focus on the formation of 4 + 1 Te(Ill) complexes. This
system is based on an oxofree core with the metal at a low oxidation state, and
provides a non-polar building block that is stable against ligand exchange in vivo.
DC25 and DCM30 were derivatized to incorporate the isocyanide necessary to
coordinate *™Tc. The Tc complexes were formed by simultaneous coordination
of the tetradentate and tripodal ligand 2,2', 2" nitrilotris ethanethiol and
isocyanide dextrans as the coligand. Labelling was achieved by substitution using
9mTc ethylenediaminetetraacetic acid (EDTA) as the precursor. Radiochemical
purity, determined by SEC-HPLC and thin layer chromatography (TLC), was
above 90%. The biodistribution of the derivative containing mannose as the
pharmacophore (DCM30-iso) in Wistar rats showed a high uptake in popliteal
lymph nodes and a very low uptake in external lumbar nodes and other organs.
This result was corroborated by dynamic and static imaging. The same derivative
without mannose (DC25-is0), on the other hand, showed negligible uptake in all
lymph nodes. Results suggest that uptake in lymph nodes can be attributed to
mannose. With the objective to assess the influence of the labelling method on the
biological behaviour of labelled dextran mannose derivatives, the biodistribution
of #™Tc DCM30 was also studied under the same conditions. A high uptake in the
first lymph node (popliteal) was observed at all time points, while the activity in
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the second node (external lumbar) was significantly lower. However, the uptake
in popliteal lymph nodes was significantly lower compared to **™ Tc DCM30-iso
at 15 min and 30 min postinjection. The uptake in other organs was negligible,
except for in the blood and liver, which demonstrated low uptakes.

7.2. INTRODUCTION

The 4 + 1 Tc(III) complexes are a class of Tc complexes bearing the Tc(I11)
core proposed by Pietzsch et al. [7.1] as a new non-polar Tc chelate system for
the design of neutral and lipophilic complexes. Figure 7.1 depicts the general
structure of this type of complex.

Formed by combination of a tetradentate tripodal 2-[bis-(2-mercapto-
ethyl)-amino]-ethanethiol (NS;) ligand and a monodentate coligand (isocyanide
or tertiary phosphine), these complexes have the advantage of high versatility
in conjugating biomolecules because both monodentate and tetradentate ligands
are, at least in principle, able to bear functional groups, although the introduction
of the biomolecule in the tetradentate ligand might generate a chiral carbon [7.2].
The donors can also be varied, but phosphines have the problem of sometimes
being rather bulky cosubstituents [7.3].

tuning of hydrophilicity/lipophilicity
+ anchor group

O
S
R'HEJ\/\/
-“-h-_""h-
e e
S Y =C=N, PR,

FIG. 7.1. General structure of 4 + 1 Te(111) complexes.
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A very important feature of these complexes is that the metal is well
shielded by the 4 + 1 donor atom arrangement, thus avoiding interference
with biological activity [7.4-7.6]. Furthermore, complexes are very stable,
both in labelling milieu and in human plasma. In vitro challenge experiments
with glutathione clearly indicated that no transchelation reactions occur. There
were also no indications for in vivo reoxidation of Tc(IIl) to Tc(V) species or
pertechnetate [7.7, 7.8].

The tripodal molecule 2,2', 2"-nitrilotris(ethanethiol) is the most widely
used NS, tetradentate ligand. Derivatization of this ligand to introduce
hydrophilic groups such as hydroxy groups, carboxyl groups or carbohydrates
increases the hydrophilicity of the overall complex and is useful for fine tuning
pharmacokinetics [7.9—7.11]. Figure 7.2 depicts the application of this concept to
the development of a *™Tc labelled arginylglycylaspartic acid (RGD) peptide for
imaging tumoural neoangiogenesis [7.12].

This labelling concept has also been applied to the development of *™Tc
dextran mannose derivatives as potential radiopharmaceuticals for SLND. For
this purpose, a dextran derivative bearing mannose as the active moiety and an
isocyanopropyl group as the monodentate ligand for Tc(III) complexation were
necessary. Figure 7.3 depicts the structure.

o} OH

FIG. 7.2. RGD peptide labelled by means of 4 + 1 Te(1ll) complexes.
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FIG. 7.3. Structure of a dextran derivative bearing an isocyanide moiety as the monodentate
ligand for Tc(1ll) complexation.

o 0
CEN\/\)
J\0~N
0
R 0 g
“NH, > RxNJ\/\/;\JE(

H,0

FIG. 7.4. Conjugation of isocyanide moiety to the biomolecule though an amino group.

The amino group of cysteine was used as the point for attaching both the
mannose and the electron donor group. Introduction of the latter is achieved
by reaction of the amine groups of the cysteine with 4-isocyano-butyric acid
2,5-dioxo-pyrrolidin-1-yl ester, as shown in Fig. 7.4.

The procedure can be performed as a batch, and kept for at least 2 weeks
at 5°C—10°C. Derivatization in small quantities prior to each labelling procedure
was also performed. On average, dextran derivative bears 45 cysteine branches:

120



1 cysteine is derivatized with the isocyanopropyl group, 36 cysteine branches are
mannosylated and 8 remain free.

7.3. MATERIALS AND METHODS
7.3.1. General

All laboratory chemicals were reagent grade and used without further
purification. Solvents for chromatographic analysis were HPLC grade.
Technetium-99m NaTcO, was obtained from a commercial generator. The dextran
derivative containing S-derivatized cysteine (DC25, MW ~ 23 kg/mol) and the
mannosylated dextran derivative containing S-derivatized cysteine (DCM30)
were provided by I. Pirmettis (Institute of Nuclear & Radiological Sciences
& Technology, Energy & Safety, Demokritos National Centre for Scientific
Research, Greece). Radiochemical purity was checked by TLC in silica gel using
water as the mobile phase and by SEC-HPLC on a Superdex Peptide 10/300
GL column eluted with 50mM, pH7.0 PBS and 0.15M NacCl, at 0.5 mL/min
flow rate. Radioactivity was detected with a homemade y ray Nal(TI) detector.
NMR spectra were recorded in D,O at 25°C on a Bruker 500 MHz Avance DRX
spectrometer using 2,2,3,3-tetradeutero-3-trimethylsilyl-propionic acid sodium
salt as the internal reference. Assignment of the spectra was based on a series of
"H-'H and '"H-"°C correlation experiments. The 2,2', 2"-nitrilotris(ethanethiol)
was prepared by reaction of tris(2-chloroethyl)amine hydrochloride with
potassium thioacetate, followed by reduction with LiAlH,. The final product
was precipitated as oxalate salt and used as such in further reactions [7.2].
The coupling agent 4-isocyanobutyric acid 2,5-dioxopyrrolidin-1-yl ester was
synthesized according to previously published methods [7.1, 7.8, 7.11].

7.3.2. Synthesis of dextran derivative with isocyanopropyl arms
7.3.2.1. Dextran cysteine derivative with isocyanide arms (DC25-iso)

The dextran cysteine derivative DC25 (30 mg, 0.1 umol) and triethylamine
(100 pL) were dissolved in water (1 mL) in a vessel protected from light.
N-hydroxysuccinimidyl 4-(isocyano)butanoate (12.3 mg, 58 pmol) was added.
The reaction was stirred at room temperature until the reagent was completely
consumed. The solution was evaporated in vacuo, and the white solid was washed
with methanol and diethyl ether. The yield was 73% [7.13].
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7.3.2.2. Dextran cysteine mannose derivative with isocyanide arms (DCM30-iso)

The dextran cysteine mannose derivative DCM30 (12 mg, 0.3 umol) and
triethylamine (100 pL) were dissolved in water (1 mL) in a vessel protected
from light. N-hydroxysuccinimidyl 4-(isocyano)butanoate (4.5 mg, 21 pmol)
was added. The reaction was stirred at room temperature until the reagent was
completely consumed. The solution was evaporated in vacuo, and the white solid
was washed with methanol and diethyl ether. The yield was 75% [7.13].

7.3.3. Radiolabelling and control of radiochemical purity

As shown in Fig. 7.5, labelling was performed by a two step substitution
procedure using **"Tc EDTA/mannitol as the precursor. This precursor was
obtained by direct reduction of pertechnetate using stannous chloride as the
reducing agent, as follows. Technetium-99m [TcO,] Na (300—1000 MBq, 1 mL)
was added to a vial containing EDTA sodium salt (5 mg), mannitol (5 mg) and
stannous chloride dihydrate (0.08 mg), and the mixture was incubated at room
temperature for 5 min. The radiochemical purity was checked by TLC on silica
gel using acetone and water as the mobile phases. The radiochemical purity was
higher than 90%.

10,

0
e NH
HS\/\NE/\‘\/SH R
"“TcEDTA H ox v O

LC---.c:_

FIG. 7.5. Labelling procedure.
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Substitution was achieved by the simultaneous action of the dextran
derivative and the tetradentate NS, coligand 2,2', 2"-nitrilotris(ethanethiol).

The experimental procedure used for substitution was as follows.
A solution of derivatized dextran mannose derivative in saline solution (800 pg
in 250—500 pL) and 2,2',2"-nitrilotris(ethanethiol) oxalate (1 mg) was mixed
with *"Tc EDTA and incubated at 70°C for 30 min. The in vitro stability of
the **Tc labelled compounds incubated at 37°C for up to 4 h postlabelling was
evaluated using SEC-HPLC.

The radiochemical purity could be assessed by a single TLC run using
water as the mobile phase because the labelled dextran remained at the origin,
while *™Tc EDTA and *™TcO, migrated with the solvent front.

To confirm that coordination of the dextran derivative with *™Tc took
place through the isonitrile, the labelling procedure was also performed using a
derivative without the isocyanide group. The radiochemical purity was assessed
using TLC and HPLC.

7.3.4. Biological evaluation
7.3.4.1. Biodistribution studies

Experimental animal studies were approved by the Ethics Committee of
the Faculty of Chemistry at the University of the Republic, Uruguay. Normal
Wistar rats (female, 250-300 g, three animals per group) were anaesthetized
with sodium thiopental (50 mg/kg) administered in the peritoneal cavity. Then,
mTe DCM30-iso derivatives (50 pL, 0.37 MBgq, 0.2 nmol) were injected
subcutaneously in the rear foot-pad, and 10 min before sacrifice, a volume of
0.05 mL of patent blue was also injected for visual identification of lymph nodes.
Animals were sacrificed at different time intervals postinjection (15 min, 30 min,
60 min, 180 min and 24 h). Popliteal and external lumbar lymph nodes, as well
organs and samples of blood and muscle, were collected, weighed and assayed
for radioactivity. The injected foot was also removed for determination of
activity remaining at the injection site. To establish if lymph node uptake can be
attributed to the presence of the mannose moiety, biodistribution of labelled **™Tc
DC25-iso was also performed under the same conditions. Popliteal extraction (E)
was calculated according to:

E (%)= %ID POPLITEAL — %ID INGUINAL 1) (7.1)
%ID POPLITEAL
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7.3.4.2. Imaging studies

Imaging studies were performed in normal Wistar rats (female, 250-300 g).
After peritoneal anaesthesia with sodium thiopental, animals were injected in the
rear foot-pad with *™Tc labelled dextran derivatives DCM30-iso and DC25-iso
(0.05 mL, 100 MBq, 2 nmol). Imaging was performed using a rectangular field
(53.8 cm % 39.9 cm) gamma/camera (Sophy Camera DSX) equipped with a low
energy, high resolution, parallel hole collimator. Static images were obtained at
15 min, 30 min, 45 min and 60 min postinjection.

7.4. RESULTS AND DISCUSSION

7.4.1. Synthesis and characterization of dextran derivatives
with isocyano propyl arms

Dextran isocyanide derivatives DC25-iso and DCM30-iso were synthesized
in high yields from their respective dextran precursors (~75% yields). Detailed
NMR experiments allowed for complete assignment of signals to their respective
nuclei. Two dimensional 'H-"H (correlation spectroscopy and nuclear Overhauser
effect spectroscopy) and '"H-'*C correlation techniques were able to confirm the
expected structure.

7.4.2. Radiochemical purity and stability of **™Tc dextran derivatives

Mannosylated and non-mannosylated dextran isocyanide derivatives
(DCM30-iso and DC25-iso, respectively) gave the 4 + 1 complex with the
NS, ligand at a high yield (~90%). Figure 7.6 depicts a typical chromatographic
profile of the precursor (*™Tc EDTA) and of the final product, clearly
demonstrating that substitution was complete and that *™Tc labelled dextran was
obtained as the only reaction product.

When dextran derivative without the isocyanide group was used in the
4 + 1 labelling process, both chromatographic methods showed that the final
product was **™Tc EDTA, indicating that the isocyanide group is crucial for
achieving an adequate labelling yield. The radiochemical purity remained
over 90% for 4 h, demonstrating that no decomposition occurred within the
studied period.
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FIG 7.6. Determination of radiochemical purity of *"Tc labelled dextran mannose derivative

using SEC-HPLC.

7.4.3. Biological evaluation

7.4.3.1. Biodistribution studies

Table 7.1 summarizes the results obtained at different time points between
15 min and 24 h after subcutaneous administration in the right foot-pad of
Wistar rats of *™Tc DCM30-iso. Table 7.2 shows the results obtained after
administration of the non-mannosylated isocyanide dextran derivative analogue

(*’™Tc DC25-is0).
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TABLE 7.2. BIODISTRIBUTION OF *™T¢ D(C25-ISO IN RATS AFTER
SUBCUTANEOUS ADMINISTRATION*

% ID/organ

Organs

15 min 30 min 60 min 24 h
Blood 9.0+2.5 58+1.6 57+04 0.54+0.10
Liver 104 +1.8 11.0£2.0 10.8+0.3 1.62+£0.51
Lungs 0.53+0.12 027+0.08 0.30+0.02 0.04 +£0.01
Spleen 0.12 +£0.02 0.06+0.02 0.08+0.01 0.04 +£0.02
Kidneys 48+24 2.94+0.02 4.6+09 85+1.8
Thyroid 0.054+0.004 0.03+0.02 0.05+0.02 0.010+0.005
Muscle 89+14 6.0+1.2 4.7+0.2 0.40 +0.08
Stomach 0.47 £ 0.06 025+0.01 0.50+0.21 0.52+0.14
Intestine 57+25 81+1.3 14.4+0.9 2.28 £0.20
Bladder + urine 3.4+1.7 153+2.38 25.6+2.9 76.8+£6.5
Popliteal lymph node 0.25+0.04 0.20+0.12  0.20£0.07 0.55+0.07

External lumbar lymph node ~ 0.06 + 0.03 0.11£0.06 0.10+0.04 0.25+0.02

Injected foot 41154 25.8+6.3 156 1.2 2.23+£0.37

* Results are expressed as % ID per organ and whole blood (mean + standard deviation on
three animals per time point)

Lymph node uptake of **™Tc DCM30-iso (dextran with mannose pending
arms) was much higher than that of the corresponding dextran conjugate
without mannose (*’™Tc DC25-iso). These findings support the hypothesis that
radioactivity localization in lymph nodes has occurred by a receptor mediated
mechanism to macrophages present in these organs.
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7.4.3.2. Imaging studies

Dynamic images up to 30 min after subcutaneous administration of
9MTe DCM30-iso and **™Tc DC25-iso in rats are shown in Fig. 7.7.

Biodistribution profiles of both compounds are consistent with the results
obtained by dissection. Lymph nodes are clearly visible for **™Tc DCM30-iso.
Liver and bladder can also be visualized. On the other hand, the uptake in lymph
nodes is significantly lower for *™Tc DC25-iso. In this case, liver and bladder
are the organs that show a higher uptake.

Static images acquired 30 min postadministration confirm the above
findings, as shown in Fig. 7.8.

7.5. CONCLUSIONS

With the aim of developing new radiopharmaceuticals for SLND, evaluation
and biological evaluation of mannosylated and non-mannosylated isocyanide
dextran derivatives labelled with Tc(III) in a 4+1 linking arrangement have been
studied. Labelling with high yields and radiochemical purities was achieved with
both derivatives. Biodistribution results demonstrated high uptakes in the first
lymph node and low uptakes in the following node, as well as low activities in the
rest of the body when mannose moieties were present. On the other hand, lack of
mannose resulted in negligible uptakes in all lymph nodes. Imaging experiments
corroborated the biodistribution data. These results are promising, and further
biological evaluation is required to confirm the findings.

9mTe DCM30-is0 9mTe DC25-is0

FIG. 7.7.  Dynamic acquisitions (0-30 min) after subcutaneous administration of
9mTe DCM30-iso (left) and **"Te DC25-iso (vight) in rats.
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#mTe DCM30-iso #MTe DC25-is0

FIG. 7.8.  Static acquisitions (30 min) after subcutaneous administration of
9 Te DCM30-iso (left) and *"Tc DC25-iso (right).

[7.1]
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Chapter 8

BIOLOGICAL EVALUATION OF
LOW VALENCE *™Tc DEXTRAN DERIVATIVES
FOR SLND: RESULTS OF A MULTILABORATORY STUDY

R. PASQUALINI
CIS bio international/IBA, Saclay, RP Innovative,
Clamart, France

8.1. SUMMARY

SLNB allows accurate staging of regional lymph node basins by surgical
removal and histological examination of those lymph nodes that receive direct
lymph drainage from the tumour site. This technique has become the standard
of care in breast cancer and melanoma, and is increasingly being applied to
other solid cancers with high metastatic potential in lymph nodes. The SLNM
can be performed using blue dyes, radiotracers or both. Radiopharmaceuticals
based on *™Tc colloids (either inorganic or of albumin origin) are the currently
used radiotracers, although a newly approved dextran based, receptor targeted
agent, **™Tc tilmanocept, is expected to be gradually adopted by the nuclear
medicine community.

Recognizing the importance of the receptor targeted approach for SLNM,
the IAEA initiated a CRP in 2007 to evaluate the ability of newer low valence
9mTe dextran derivatives to selectively localize in the SLN. This chapter is based
on work carried out at participating institutions in several Member States.

Low MW dextran (12 kg/mol and 20 kg/mol), to which mannose residues
were added for specificity to mannose receptors expressed by SLN macrophages,
was derivatized to incorporate either cysteine/cysteamine or pz moiety for
facilitating radiolabelling with a Tc(I) carbonyl core. Isocyanide groups were
also added to mannosylated dextran for the formation of 4 + 1 Tc(I1I) complexes.

The new dextran derivatives (20 kg/mol and 30 kg/mol MW) were
quantitatively labelled with *™Tc (>90% radiochemical purity). Both Tc(I) and
Te(IIT) complexes were inert to ligand exchange with cysteine and histidine, and
remained stable after 6 h at room temperature.

The biological properties of the radiolabelled dextran derivatives were
tested in vivo (gamma imaging) and ex vivo (biodistribution) after intradermal/
subcutaneous administration to mice, rats and rabbits. Approved **™Tc labelled
colloids (rhenium sulphide, sulphur colloids and calcium phytate) were used
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to standardize the protocol for identifying the sentinel node and the secondary
nodes in animals. Animal experiments have shown rapid and high accumulation
in the popliteal lymph node that remained almost stable for a long period of time.
Uptake in the SLN was similar to that displayed by **Tc tilmanocept, showing a
saturable receptor mediate mechanism.

Ranking the *™Tc dextran derivatives according to their biological
properties led to [**™Tc(CO); DCM20] and [*™Tc(CO), DAPMS] being selected
as the most promising agents for potential use in humans.

8.2. INTRODUCTION

The SLN is the hypothetical first lymph node, or group of nodes, that
receives lymph collected from a primary tumour mass. If cancerous dissemination
occurs, it is postulated that the SLN will trap any metastasizing cells leaving
the tumour. If the SLN is negative for tumour metastasis, the presence of
cancerous cells in all other lymph nodes in the same lymphatic chain is highly
improbable [8.1-8.5].

This technique has become the standard of care in breast cancer [8.6, 8.7]
and melanoma [8.8, 8.9], and is increasingly being applied to other solid cancers
with high metastatic potential in lymph nodes, such as oral and oropharyngeal
squamous cell carcinoma [8.10]. SLNM can be performed using a dye (patent
blue or isosulphan blue), using radiotracers or both. Radiopharmaceuticals
based on *™Tc colloids (either inorganic or of albumin origin) are the currently
used radiotracers [8.11]. Despite their long standing use, large variations exist
in the nature and size of ™Tc labelled colloids currently used for the detection
of SLNs [8.2, 8.12]. Studies in the USA were initiated with sulphur colloid,
which is a radiopharmaceutical that was initially approved for liver and spleen
scintigraphy [8.13]. This radiocolloid (filtered or unfiltered) is still used. In
Europe, albumin colloids and a preformed rhenium sulphide colloid have been
approved for SLND. Of the two, albumin colloid is the most frequently used
tracer in Europe. Technetium-99m labelled antimony trisulphide is the colloid
of choice in Australia, whereas *™Tc calcium phytate is the tracer used in Japan.

Ideally, an SLN imaging agent would rapidly clear from the injection site to
allow easy detection of nodes that are located close to the injection site. Residence
of activity in the SLN should be selective and long enough to allow different
protocols for detection (external acquisition or radioguided surgery). The
radiotracer should be obtained with high specific activity to avoid saturation of
the phagocytic process, with consequent leakage of radioactivity to the higher
echelon nodes of the region. Finally, its preparation should be easy to perform,
and the administered product should be safe. Radiocolloids hardly match all the
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above mentioned requirements. In particular, clearance from the injection site
may be slow, especially for large sized colloids. On the other hand, colloids based
on HSA, although displaying the appropriate size range, may raise potential
concerns about the quality of the donated blood, which has to be monitored for
viral contamination. Some of these drawbacks have been overcame by the
introduction, by Vera et al., of a totally synthetic *™Tc DTPA mannosyl dextran
derivative that accumulates in the lymphatic tissues of rats and rabbits by binding
to mannose receptors present on the surface of macrophage cells [8.14]. The
compound consists of a dextran backbone with an average MW of 9500 g/mol, to
which mannose glycosides and DTPA moiety are attached through cysteamine
arms. The final amino, mannose and DTPA densities were 23, 55 and 8 moles per
dextran, respectively. The MW of the dextran derivative was approximately
36 000 g/mol. This receptor based agent has shown excellent results in
animals [8.14], and has been investigated in a multicentre, open label,
comparative study against VBD for the detection of SLNs in melanoma and
breast tumours [8.15]. The clinical study demonstrated the concordance of in
vivo detection rates of this new agent and VBD in lymph nodes. The compound,
named *™Tc labelled tilmanocept, was approved by the FDA in March 2013 for
use in patients with breast cancer or melanoma who are undergoing surgery to
remove tumour draining lymph nodes. The drug, marketed under the name of
Lymphoseek, has been approved by the European Medicines Agency
(an extensive discussion of this new tracer is given by Vera et al. in Chapter 4).

Recognizing the importance of the receptor targeted approach for SLNM,
the IAEA initiated a CRP in 2007 aimed at synthesizing newer low valence
9mTe dextran derivatives and evaluating their potentiality in mapping SLNs in
rodents. This chapter is based on the biological work carried out at institutions
participating in the CRP Development of **™Tc Radiopharmaceuticals for
Sentinel Node Detection and Cancer Diagnosis (see the list of contributors to
drafting and review at the end of this publication).

In an effort to explore new mannosylated dextran derivatives that
could produce a superior *™Tc labelled SLNM agent, it was decided to
investigate the potential of the fac-[*"Tc(CO),]" core and the [*™Tc(NS;)]
fragment for *™Tc labelling. The former core has recently attracted growing
interest, particularly after Alberto et al. reported an aqueous preparation of
the [*™Tc(CO)4(H,0)5]" precursor [8.16] and the availability of the IsoLink
boronocarbonate kit by Mallinckrodt Medical BV [8.17]. As a tridentate ligand
is required for the replacement of the aquo ligands and the formation of a stable
complex with a *™Tc tricarbonyl core, mannosylated dextran molecules were
equipped with S-derivatized cysteine arms (providing the S, N, O set of ligating
atoms) [8.18-8.20] or with S-derivatized pz diamine arms (providing the N, N,
N set of ligating atoms) [8.21, 8.22]. Isocyanide groups were also appended to
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mannosylated dextran for ligation of the [*™Tc(NS,)] fragment in the so called
4 + 1 mixed ligand arrangement [8.23—8.26]. The chemical structures of dextran
derivatives evaluated in this study are reported in Fig. 8.1.
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FIG. 8.1. Chemical structure of dextran derivatives under study.

8.3. MATERIALS AND METHODS
8.3.1. Synthesis of dextran derivatives

Detailed synthesis of the different dextran derivatives is discussed in
Chapter 5. Briefly, dextran bearing S-derivatized cysteine chelator (DC15) and
mannosylated dextran (DCM20) were obtained through a two and three step
synthesis, respectively. Dextran (MW = 11 800 g/mol) was reacted with allyl
bromide to yield allyl dextran with about 40% coupling. Addition of cysteine
to allyl dextran in the presence of ammonium persulphate resulted in the
S-derivatized cysteine, compound DC15. The mannosylated product DCM20
was obtained in good yield after in situ hydrolysis and activation of cyanomethyl
2,3,4,6-tetra-O-acetyl-1-thio-B-D-mannoside (CNM thiomannose) and coupling
to DC15. All intermediates, as well as the final products, were purified by
ultrafiltration using a membrane with an MW cut-off of 3000 g/mol, then
lyophilized [8.27].
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Mannosylated dextran bearing pz diamine chelators (DAPM1-4-8) were
obtained using a synthetic strategy similar to that used for the preparation of
DC15/DCM20 compounds. Dextran (MW = 9500-10 500 g/mol) was reacted
with allyl bromide to yield allyl dextran with about 50% coupling. The addition
of aminoethanthiol and ammonium persulphate resulted in the S-derivatized
amine. This intermediate was reacted in dry CH,Cl, with the carboxylic acid
of the Boc protected pz diamine chelator using N,N'-dicyclohexylcarbodiimide
and N-hydroxysuccinimide as activators. CNM thiomannose was deacetylated
with sodium methoxide. After the removal of methanol, the CNM mannose was
reacted with dextran bearing the Boc protected pz diamine arms. The protecting
group was removed with TFA/H,0, giving the final conjugates, as TFA salt,
in quantitative yields. All intermediates and the final product were purified by
dialysis, then lyophilized [8.28].

Mannosylated dextran derivatives bearing isocyanide groups for ligation
with *™T¢(III) (DCM-iso) were prepared following a four step synthesis.
Dextran (MW = 18 000 g/mol) was reacted with allyl bromide to yield allyl
dextran (40% of the glucose units were allylated). Addition of cysteine to allyl
dextran in the presence of ammonium persulphate resulted in the S-derivatized
cysteine, compound DC25. Mannose residues were introduced by reacting DC25
with CNM thiomannose as previously described (DCM30). The isocyanide
group was introduced by reacting DCM30 with 4-isocyano-butyric acid
2,5-dioxo-pyrrolidin-1-yl ester under basic conditions. All intermediates, as well
as the final products, were purified by ultrafiltration using a membrane with a
MW cut-off of 3000 g/mol [8.29]. The procedure can be performed as a batch
and kept for at least 2 weeks at 5°C—10°C, or performed in small quantities prior
to each labelling procedure.

Proton and *C NMR spectroscopy (300-500 MHz) was used to establish
the chemical identity of intermediates and final products. Colorimetric tests
were used to determine the density of amine residues per mole of dextran
(2,4,6-trinitrobenzene sulphonic acid assay) and to obtain the number of sugar
units per dextran molecule (sulphuric acid/phenol colorimetric assay).

8.3.2. Physical characterization of dextran derivatives

The hydrodynamic diameters of DCM and DAPM derivatives and the
starting dextran were determined by DLS using a ZetaSizer Nano ZS-90 from
Malvern Instruments (UK). Measurements were carried out at 25°C with a
173° scattering angle. All the compounds were dissolved in saline (2 mL),
resulting in different concentrations because different quantities of compounds
were used for labelling (50 ng DCM20, 400 ug DAPM).
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8.3.3. Radiolabelling

Technetium-99m, as **"Tc [TcO,] Na, was obtained from commercial
generators available in each Member State.

8.3.3.1. Dextran derivative formulation for *"Tc labelling

DC15/DCM20: 1 mL of 0.22 pm Millipore filtered aqueous solutions of
DC15 or DCM20 (50 pg/mL or 400 pg/mL) was dispensed in 10 mL penicillin
vials and lyophilized at —4°C for 24 h. At the end of the lyophilization cycle, the
vials were stoppered and sealed under vacuum.

DAPM, , 4 Vials containing DAPM derivatives (50-500 pg) were
prepared either extemporaneously, by dispensing the appropriate volume of a
water solution, or by lyophilization of aqueous solutions of the derivatives.

DC25-is0/DCM30-iso: Vials containing DC25-iso or DCM30-iso (500 pg)
were prepared extemporaneously before labelling.

Dextran derivatives were labelled either with a [**™Tc(CO),]" core (dextran
propyl-S-cysteine/DCM/DPAM derivatives) or with a [*™Tc(NS;)] fragment
(DC25-1s0/DCM30-iso derivatives). Common labelling and quality control
procedures were established to obtain comparable results within laboratories.

8.3.3.2. Labelling with [*"Tc(CO),J* core: formation of
[P"Te(CO) (H,0) ] precursor

Radiolabelling with [*™Tc(CO),]" core was performed by a two step
procedure using [99“’TC(CO)3(H20)3]+ as a precursor. The precursor was
obtained using the IsoLink kit (Mallinckrodt Medical BV) or by a homemade
kit (10 mL vial containing 4.0 mg Na,CO;, 5.5 mg NaBH,, 15-20 mg Na/K
tartrate and 1 atm. carbon monoxide headspace volume). Typically, 1 mL of
9mTc0, (37-1850 MBg/mL, 1-50 mCi/mL) was added to the IsoLink vial and
heated for 25 min at 100°C in a water bath. The solution was cooled, and the pH
was adjusted to 7-8.5 with the addition of 0.1M HCI or PBS/HCI solution.

8.3.3.3. Labelling with [*"Tc(CO)J* core: formation of
[P""Te(CO); DC15/DCM20] and [**"Te(CO); DAPM]

Typically, the vials containing solid dextran derivatives were reconstituted
with 200 pL of saline and flushed with nitrogen before radiolabelling.
Approximately 500 pL of the pH adjusted [*™Tc(CO),(H,0),]" intermediate
was added to the individual vials. DC15 and DC25 were labelled at 70°C—80°C
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for 25-30 min, whereas labelling of DAPM derivatives occurred at 100°C for
30 min.

8.3.3.4. Labelling with [*"Tc(NS,)] fragment: formation of
#mTe EDTA precursor

The *™Tc EDTA precursor was prepared by adding **™TcO, (300 MBq,
1 mL) to a vial containing 5 mg EDTA, 5 mg mannitol and 0.08 mg SnCl,.
Formation of the precursor took place in 5 min at room temperature.

8.3.3.5. Labelling with [**"Tc(NS,)] fragment: formation of
[P"Te (DC25-iso + NS,)] and [*"Te (DCM30-iso + NS;)]

A solution of DC25-iso or DCM30-iso in saline (800 pg in 250-500 pL)
and NS; (1 mg) was mixed with 9mTc EDTA and incubated at 70°C for 30 min.

8.3.4. Control of radiochemical purity

8.3.4.1. Radiochemical purity of [*"Tc(CO); DC15/DCM20] and
[P’"Te(CO); DAPM]

Correct formation of the [9°mTc(CO)3(H20)3]+ precursor, as well as the
radiochemical purity of the final products, was ascertained using a reversed
phase C18 column. The chromatographic conditions varied slightly from one
laboratory to another. The following is an example of the analytical conditions for
determination of the radiochemical purity. Solvents consisted of water containing
0.1% TFA (solvent A) and methanol containing 0.1% TFA (solvent B). The
column was a Nucleosil C18 reversed phase column (10 um, 250 mm x 4 mm).
Separation started with 100% of A from 0 min to 1 min, followed by a linear
gradient to 30% A (70% B) in 9 min; this composition was held for another
10 min. The flow rate was 1 mL/min. Peak elution was monitored using an
appropriate radioactivity detector. Radioactive preparations were also tested by
SEC-HPLC (e.g. Shodex SB-803HQ, 8 mm x 300 mm) eluted with water at a
flow rate of 1 mL/min. In this system, retention times were as follows: **™TcO,,
tx = 3.5 min; fac-[*Tc(OH,);(CO),]" precursor, t; = 5.0 min; *™Tc dextrans,
tg=11-13 min.

For a rapid evaluation of radiochemical purity, samples were also
analysed by ITLC using methanol:HCI (99:1) as the mobile phase, or paper
chromatography (Whatman 1) using acetone as the mobile phase.
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The radiochemical stability of the [*™Tc(CO),] dextran derivatives in the
final preparation was evaluated at room temperature. The chemical inertness of
the complexes was also investigated by challenging each *™Tc complex with a
large molar excess (1:100) of cysteine or histidine solutions in 1 x 10°M PBS at
pH7.4. The samples were incubated at 37°C and analysed by RP-HPLC.

8.3.4.2. Radiochemical purity of [*°"Tec EDTA] precursor

Correct formation of the [**™Tc EDTA] precursor was checked by TLC in
silica gel using acetone and water as the mobile phase.

8.3.4.3. Radiochemical purity of [**"Tc (DC25-iso + NS;)] and
[P""Te (DCM30-iso + NS,)]

Radiochemical purity was checked by TLC in silica gel using water as
the mobile phase and by molecular exclusion HPLC on a Superdex Peptide
10/300 GL column, using 50mM PBS, pH7.0, in 0.15M NaCl at 0.5 mL/min
flow rate.

8.3.5. Determination of partition coefficient of some
99“‘Tc(CO)3 dextran derivatives

The octanol water partition coefficient was determined at room
temperature for the following labelled dextran derivatives: [**™Tc(CO), DC15],
[*™Tc(CO), DCM20] and [*™Tc(CO), DAPM1].

8.3.6. Biological evaluation

Experimental animal studies were approved by each respective local ethics
committee. Commercially approved **™Tc labelled colloids (rhenium sulphide,
sulphur colloids or calcium phytate) were used to standardize the protocol for
identifying the sentinel node and the secondary nodes in animals.

8.3.6.1. Biodistribution studies

Biodistribution studies were performed in female (Wistar or Sprague
Dawley) rats. Some participating institutions were also able to perform
biodistribution studies in mice and in rabbits.

Rats weighing 200-250 g were used in experiments. Each animal was
first anaesthetized with a mixture of xylazine/ketamine (or acepromazine/
ketamine) administered in the peritoneal cavity. Then, approximately 50 pL of
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the *™Tc labelled preparation (~1.8 MBq) was injected subcutaneously in the
foot-pad region (in some experiments, the intradermal route was used). This was
followed by gentle massage of the area of injection for up to 2 min with a strip
of gauze (animals were rejected if more than 1% of the administered activity was
recovered in the gauze). The animals (at least three per time point) were then kept
for the respective incubation periods (60 min and 180-240 min) under normal
conditions, with water provided ad libitum. A volume of 50 uL of 1% patent blue
solution was injected into the same site approximately 10 min before sacrifice
for visual detection of lymph nodes. The popliteal and inguinal lymph nodes,
injection site and tissue and organs of interest were removed and weighed
before radioactivity measurement. Results were expressed as a percentage of the
administered activity found in sampled tissues and organs. The popliteal lymph
node extraction (£) was calculated as:

E(%) _ %ID POPLITEAL —%ID INGUINAL %100 (81)

[9
7%lD POPLITEAL

A similar protocol was followed for experiments in male BALB/c mice
(20 £ 2 g). In these animals, a smaller volume (5-25 pL) and a reduced activity
(90-180 kBq) were used.

In rabbits, intramuscular injection of 0.2 mL of ketamine was used as
anaesthesia. An activity of 111 MBq in 0.2 mL dextran derivative was injected
intradermally in both rear foot-pads. After injection, both foot-pads were
massaged for 3 min. At 50 min postinjection, 0.1 mL of a vital dye (patent blue
V) was injected intradermally in both foot-pads. Surgical dissection was started
10 min later to measure the uptake in popliteal and iliac nodes.

The influence of administered mass and volume on tracer localization was
also studied in rats and mice.

8.3.6.2. Gamma camera imaging

Anaesthetized animals (rats/rabbits) were horizontally placed under the
collimator of a gamma camera, equipped with a low energy, high resolution
collimator, using a 256 x 256 matrix size, zoom 2 (1 min/frame) for dynamic
studies and a 512 x 512 matrix size, zoom 2 for static studies. For optimal
image resolution, the distance between the collimator and animal was about
10 cm. SPECT/CT images were also obtained in rats and mice for some
selected compounds.
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8.4. RESULTS
8.4.1. Synthesis and characterization of dextran derivatives

All dextran derivatives depicted in Fig. 8.1 were synthesized in high
yields (~90% yields per synthetic step). Detailed NMR experiments allowed for
the complete assignment of signals to their respective nuclei. Two dimensional
"H-"H (correlation spectroscopy and nuclear Overhauser effect spectroscopy) and
"H-'3C (heteronuclear single quantum coherence spectroscopy and heteronuclear
multiple bond) correlation techniques were able to confirm the expected structure
as depicted in Fig. 8.1. Detailed information on the characterization of dextran
derivatives are reported in Chapter 5.

8.4.2. Physical characterization of dextran derivatives

The size distribution measurements revealed the formation of aggregates as
early as 30 min after preparation, increasing the size of particles from 7-10 nm
to 230-310 nm and even 700 nm. That was the case for all preparations. In the
case of DCM20, a rapid switch to 314 nm and a small number of aggregates of
sizes greater than 5000 nm (240 nm after sonication) were observed. In the case
of DAPM, the initial distribution showed particles and aggregates of size 11 nm
(close to the expected value, corresponding with analyses after synthesis), 84 nm
and 277 nm, which was switched in time (24 h) to 266 nm. Even aggregates of
sizes greater than 5000 nm were formed (but only with 1.3% intensity).

8.4.3. Radiochemical purity and stability of **™Tc dextran derivatives
8.4.3.1. Complexes [*"Tc(CO); DC15/DCM20]

The mannosylated compound DCM?20, as well as its non-mannosylated
derivative DC15, were successfully labelled with *™Tc(CO), core
(95% radiochemical yields), even at low ligand concentration (1.5 x 10°M) using
the fac—[99“‘TC(OH2)3(CO)3]+ precursor. Figure 8.2 shows radioactive profiles
of DCM20 preparations, as well as the precursor fac-[*™Tc(OH,);(CO),]" and
pertechnetate obtained using RP-HPLC.
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FIG. 8.2. RP-HPLC profiles of *"TcO; (left), fac-[”"Tc(OH,),(CO),]" (middle) and
PMTe(CO)(DCM20) (right). cpm: counts per minute.

The [*™Tc(CO), DC15] and [*™Tc(CO); DCM20] complexes showed
high inertness towards histidine challenge (<3% of the total radioactivity was
transchelated after 6 h incubation).

8.4.3.2. Complexes [*"Tc(CO); DAPM]

The mannosylated dextran pz diamine derivatives, DAPM1-4, were
successfully labelled with 99mTc(CO)3 core (radiochemical yield of 98% at the
time of labelling). However, up to 25% of the radioactivity bound to the DAPM
derivative bearing only one pz diamine group underwent transchelation after
histidine and cysteine challenges. No appreciable *™Tc activity was lost from
DAPM4 and DAPMS complexes after 6 h of chemical challenge.

8.4.3.3. Complexes [*"Tc (DC25-iso + NS,)] and [*"Tc (DCM30-iso + NS,)]

The isocyanide derivatives of dextran and mannosylated dextran gave the
4 + 1 complex with the NS; ligand with high yield (~90%).

Typical SEC-HPLC profiles of *"Tc [EDTA]and [*™Tc (DCM30-iso+NS,)]
are shown in Fig. 8.3, clearly demonstrating that substitution was complete and
that *™Tc labelled dextran was obtained as the only product of the reaction.

The stability of the labelled dextran for at least 4 h was also established by
both previously described chromatographic methods.

8.4.4. Octanol water partition coefficients

The octanol water partition coefficients, obtained at room temperature, of
some selected *”™Tc(CO), dextran derivatives are reported in Table 8.1.
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FIG. 8.3. SEC-HPLC profiles of **"Te [EDTA] (top) and [**"Tc (DCM30-iso + NS,)] (bottom).

TABLE 8.1. OCTANOL WATER PARTITION COEFFICIENTS OF **™T¢(CO),
DEXTRAN DERIVATIVES

Ligand Octanol water Log P
DCI15 0.003 —2.495
DCM20 0.007 -2.133
DAPMI1 0.060 —1.225

All products were highly hydrophilic, with values of log P (P = octanol/water
partition coefficient) in the negative range.
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8.4.5. Biodistribution studies

The results of biodistribution studies in mice, rats and rabbits on
9mTe dextran derivatives synthesized for the purposes of this study are presented

in Table 8.2.

TABLE 8.2. BIODISTRIBUTION OF *™T¢(CO), DEXTRAN DERIVATIVES
IN MICE AT 1 H AND 4 H AFTER INTRADERMAL ADMINISTRATION*

Organ DC15 DCM20 DAPM4

2 ng/25 uL 2 nug/25 uL 2.3 ng/25 uL
Liver 1 h p.i. 13.41 £0.63 23.34+£3.50 2.97 +£0.40
Liver 4 h p.i. 2.94+0.36 21.60 +3.29 3.76 £0.43
Spleen 1 h p.i. 0.90 +0.05 13.82 £3.62 1.03£0.11
Spleen 4 h p.i. 0.91+0.21 15.41 +£3.48 1.52+0.53
Blood 1 h p.i. 1.29+0.12 2.93+044 0.87+0.14
Blood 4 h p.i. 0.68 +0.11 1.27+0.07 0.76 = 0.06
IS1hp.i. 3.13+0.92 30.68 +8.33 68.28 +11.00
IS4hpi 1.77+0.21 36.09 £ 3.09 67.30 £ 1.45
SLN 1 hp.. 0.24 +0.02 3.18+0.18 4.77+1.01
SLN 4 hp.i. 0.13+£0.01 3.47 +1.02 4.12+1.14
2LN 1 hp.i. 0.07 £ 0.01 2.16 +0.41 1.40 +0.49
2LN 4 hp.i. 0.08 +0.01 2.07+047 1.19+0.36
PE 1 hp.i. 70.8 32.1 70.6
PE 4 hp.i. 70.8 32.1 70.6

Note: IS: injection site; PE: popliteal extraction; p.i.: postinjection; SLN: sentinel lymph node;

2LN: second lymph node.

* Results are expressed as % ID per gram of organ and blood, except for the radioactivity
found in lymph nodes and remaining at the injection site, for which the recoveries are
expressed as % ID (mean + standard deviation are calculated on five animals per time point).

146



8.4.5.1. Biodistribution in mice

Table 8.2 summarizes the results obtained 1 h and 4 h after intradermal
administration in the right foot-pad of BALB/c mice of 2 ug/50 pL of **"Tc(CO),
dextran derivatives.

The SLN uptake of *™Tc[(CO), DCM20] (dextran with mannose pending
arms) was much higher than that of the corresponding dextran conjugate without
mannose ([’"Tc(CO);, DC15]). These findings support the hypothesis that
radioactivity localization in lymph nodes has occurred by a receptor mediated
mechanism to macrophages present in these organs.

8.4.5.2. Biodistribution in rats

Table 8.3 summarizes the results obtained 1 h and 3 h after
subcutaneous administration in the right foot-pad of Wistar rats of **™Tc(CO),
dextran derivatives.

TABLE 8.3. BIODISTRIBUTION OF 99mTe(CO), DEXTRAN
DERIVATIVES IN RATS AT 1 h AND 3 h AFTER SUBCUTANEOUS
ADMINISTRATION*

Organ DCM20 DAPMI DAPM4 DAPMS
~4 ng/50 uL ~50 pg/50 ul 50 nug/50 uL 50 ng/50 ulL
Liver | h p.i. 0.97 £ 0.05 1.01 +£0.07 4.80+1.03 5.44+£1.06
Liver 3 h p.i. 1.16 £0.12 1.66 £0.13 6.49 +£0.09 6.84 +£0.01
Spleen 1 h p.i. 0.03 £0.00 0.02+0.01 0.32+0.10 0.25+0.11
Spleen 3 h p.i. 0.07 £ 0.04 0.09 +£0.01 0.31 +£0.04 0.45 +0.04
Blood 1 h p.i. 0.64+0.13 0.02 +£0.03 0.91 £0.02 1.72 +0.81
Blood 3 h p.i. 0.73 £0.48 0.10+0.02 0.96 +0.37 1.55+0.65
IS1hp.i. 43.53 +£2.50 92.58 +0.94 83.85+1.37 81.58 +£0.35
IS3hp.i. 48.51£5.41 79.48 £4.27 79.50 +5.02 81.13+0.01
SLN 1 hp.i. 4.40 +0.01 491 +0.06 6.71 £2.35 7.53 £ 069
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TABLE 8.3. BIODISTRIBUTION OF 9IMTe(CO), DEXTRAN
DERIVATIVES IN RATS AT 1 h AND 3 h AFTER SUBCUTANEOUS
ADMINISTRATION* (cont.)

Organ DCM20 DAPMI DAPM4 DAPMS
~4 ng/50 pL ~50 pg/50 uL 50 ug/50 uL 50 nug/50 pL
SLN 3 hp.i. 0.02 +0.01 4.45+0.86 5.98 +1.68 5.21+0.78
2LN 1 hp.i. 0.05 +0.08 0.39+0.08 2.59 +1.06 0.41+0.15
2IN 3 hp.i. 0.08 £ 0.01 0.42 +0.06 1.41 +£0.50 0.59+0.14
PE 1 hp.i. 99.6+0.2 92.6+0.9 61.8+24 945+25
PE3 hp.i. 98.0+3.1 79.5+4.3 76.7+1.7 87.8£3.8

Note: IS: injection site; PE: popliteal extraction; SLN: sentinel lymph node; 2LN: second
lymph node.
* Results are expressed as % ID per whole organ and for total blood (mean + standard deviation
are calculated on four animals per time point).

Table 8.4 summarizes the results obtained 1 h and 3 h after subcutaneous
administration in the right foot-pad of Wistar rats of [*’™Tc (DCM30-iso + NS;)]
and [*™Tc (DC25-iso + NS,)] derivatives.

The SLN uptake of [*™Tc (DCM30-iso + NS,)] (dextran with mannose
pending arms) was significantly higher than that of the corresponding dextran
conjugate without mannose ([**Tc (DC25-iso + NS,)]). Again, these findings are
in favour of the hypothesis of radioactivity localization by a receptor mediated
mechanism to macrophages present in the lymph nodes.

8.4.5.3. Biodistribution in rabbits

A planar gamma camera study of rabbits showed that only popliteal nodes
were clearly imaged, whereas signals from iliac lymph nodes (second echelon
lymph nodes) were overlapped by radioactivity accumulated in the bladder.
Therefore, to obtain information about the biodistribution patterns of these new
9mTc dextran derivatives in rabbits, ex vivo experiments were carried out.
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TABLE 8.4. BIODISTRIBUTION OF [*™Tc (DCM30-ISO + NS;)] AND
[*™Tc (DC25-ISO + NS;)] IN RATS 1 h AND 3 h AFTER SUBCUATNEOUS

ADMINISTRATION*
Organ DCM30-iso DC25-iso
~25 pug/50 uL ~25 ug/50 uL
Liver 1 h p.i. 5.17+0.30 10.80 +0.30
Liver 3 h p.i. 11.26 £0.76 NP
Spleen 1 h p.i. 0.08 +0.02 0.02 +0.01
Spleen 3 h p.i. 0.05 +£0.25 NP
Blood 1 h p.i. 2.26 +0.67 0.08 £0.01
Blood 3 h p.i. 8.51+0.71 NP
ISThp.i. 79.80 = 3.00 15.6+1.2
IS3hp.i. 45.70 £3.10 NP
SLN 1 hp.i. 3.55+1.40 0.20 +£0.07
SLN 3 hp.i. 5.42 +0.88 NP
2LN 1 hp.i. 1.42+£0.99 0.10 £ 0.04
2LN 3 hp.i. 0.79 +£0.54 NP
PE 1 hp.i. 60.0+1.3 50.0+£0.1
PE3 hp.i. 85.4+0.7 NP
Note: IS: injection site; NP: not performed; PE: popliteal extraction; p.i.: postinjection;

SLN: sentinel lymph node; 2LN: second lymph node.

* Results are expressed as % ID per whole organ and total blood (mean + standard deviation
are calculated on three animals per time point).

Table 8.5 summarizes the results obtained 1 h after subcutaneous
administration in the right foot-pad of rabbits of some 99mTc(CO)3

dextran derivatives.
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TABLE 8.5. BIODISTRIBUTION OF SOME %™Tc(CO); DEXTRAN
DERIVATIVES IN RABBITS AT 1 h AFTER SUBCUTANEOUS
ADMINISTRATION*

Organ DCM20 DAPM4 DAPMS
~60 ng/0.2 mL ~60 pg/0.2 mL ~60 ng/0.2 mL

Liver 1 h p.i. 0.75 +0.01 2.11+0.03 1.50+0.12
Spleen 1 h p.i. 0.44+0.14 0.49+0.14 0.40+0.14
Blood 1 h p.i. 0.45+0.01 0.19+0.01 0.48 £0.01
IS 1 hp.i. 36.44£2.12 42.88 +£3.99 41.98 +2.79
SLN I h p.i. 4.11+1.90 5.56 +1.55 6.79 +1.89
2LN 1 hp.i. 0.27 £ 0.06 0.78 £ 0.03 0.34+0.07
PE 1 hp.i. 91.9+0.1 85.8+2.2 94.8 +1.76

Note: IS: injection site; PE: popliteal extraction; SLN: sentinel lymph node; 2LN: second
lymph node.

* Results are expressed as % ID per gram, except for the radioactivity found in lymph nodes
and at the injection site, for which the recoveries are expressed as % ID (mean + standard
deviation are calculated on three animals per time point).

8.4.5.4. Effect of the mass of administered tracer on biodistribution

To investigate whether uptake of mannosylated dextran derivatives is a
saturable process, the influence of the mass of administered tracer on SLN uptake
was explored. Experiments were performed in mice and rats. Table 8.6 shows the
results of a study in which the effect of the amount of [*™T¢(CO); DCM20] on
biodistribution was tested.

The results on [99“‘TC(CO)3 DCM20] showed that the biological behaviour
of this complex is very sensitive to the injected dosage. When the injected mass
in mice decreased from 2 pg to 0.005 pg, the uptake of SLN doubled, and the
uptake in the second lymph node decreased by a factor of four (but it should be
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TABLE 8.6. BIODISTRIBUTION OF [*™T¢(CO); DCM20] IN MICE AND
RATS AT 1 h AFTER INTRADERMAL ADMINISTRATION*

2 ng/25 uL 0.005 pg/5 ulL 0.05 pg/30 uL 0.05 pg/5 uL

Organ mice mice rats rats
Blood (whole) 2.93+0.44 1.09+0.13 3.98+0.11 1.07+0.14
IS 30.68 £ 8.33 76.65 +4.14 55.02+2.16 49.10 £2.64
SLN 3.18+0.18 6.37 £0.86 17.76 + 1.89 32.10+8.21
2LN 2.16 +0.41 0.54 +£0.09 0.70 £0.19 0.74 +£0.13
PE 32.1+£0.2 91.5+0.8 96.1+1.9 97.7+38.1

Note: IS: injection site; PE: popliteal extraction; SLN: sentinel lymph node; 2LN: second
lymph node.
* Results are expressed as % ID (mean + standard deviation are calculated on four to five
animals per time point).

noted that the injected volume also decreased from 25 pL to 5 pL). This induced
a sharp increase of popliteal extraction from 30%—40% to 90%. In this study, the
SLN uptake in rats was very high, and the activity remaining at the injection site
1 h after the application of the tracer was relatively low.

8.4.6. Gamma camera imaging

Examples of dynamic acquisitions in rats after subcutaneous administration
of 9-18 MBq of *™Tc dextran derivatives in 0.1 mL are shown in Figs 8.4
and 8.5. The images of the earliest acquisitions (0—1 min) are in the upper left
corners, whereas the latest acquisitions (14—15 min) are in the lower right corners
of Figs 8.4 and 8.5.

Figure 8.5 shows anterior views of the animals positioned upside down. The
injection site (hottest spot), SLN, bladder, kidneys and liver are easily discernible
on the images.

The radioactivity pattern of *™Tc dextran derivatives under study was also
clearly delineated after static acquisition, as shown in Fig. 8.6 for three different
compounds administered to rats.
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FIG. 8.6. Static acquisitions in rats 30 min postinjection of 0.5 ug of [*"Te(CO); DCM20]
(left), [*"Te(CO); DAPMS] (middle) and [*"Tc (DCM30-iso + NS,)] (right).

FIG. 8.7. SPECT (lefi) and SPECT/CT fusion (right) images of rats receiving [*"Tc(CO);,
DCM20] from foot-pads subcutaneously. The images were taken at: (4) 30 min, (B) 1 h (B)
and (C) 3 h postinjection.

The ability of these tracers to visualize SLNs was also demonstrated by
SPECT images. Figure 8.7 shows the images obtained in rats after subcutaneous
administration of [**™Tc(CO); DCM20] in the rear foot-pad. The radioactivity
levels at the popliteal lymph node were found to be significantly higher
than those in the inguinal lymph node (the second lymph node in this animal
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mode), although high radioactivity levels were also detected at the injection
site. The SPECT images remained almost unchanged from 15 min to 180 min
postinjection, indicating that this agent satisfied another important criterion:
sustained accumulation in the SLN.

8.5. DISCUSSION

The dextran derivatives under study have been successfully synthesized
and thoroughly characterized using chemical and NMR techniques. The synthetic
pathways used are robust and flexible enough to allow the preparation of
derivatives in which the number of grafted chelator and mannosylated arms can
be adjusted predictably and accurately. The chemical structure of the synthesized
compounds is in agreement with the hydrodynamic diameter determined by DLS
in saline. In freshly prepared samples, DCM and DAPM show hydrodynamic
sizes ranging from 7 nm to 10 nm. These values are similar to those found for
DTPA mannosyl dextran (7.1 + 0.9 nm) [8.14] and MAG; mannosyl dextran
(5.5 £ 2.4 nm) [8.30], and have been confirmed in two recently published articles
dealing with DCM [8.27] and DAPM [8.28]. In this work, size distribution
measurements revealed the formation of aggregates as early as 30 min after
preparation, increasing the sizes of particles from 7—10 nm to 230-310 nm and
even 700 nm. These findings, not reported in the two articles cited above, need to
be confirmed by additional experiments.

The mannosylated dextran derivatives, as well as their non-mannosylated
analogues, were successfully labelled with a *™Tc carbonyl core and *™Tc(NS;)
fragments in high radiochemical yields. Of particular interest are dextran
derivatives bearing cysteine arms (providing the S, N, O set of ligating atoms
to bind to a *™Tc carbonyl core) that may be labelled, even at a very low ligand
concentration (1.5 x 107°M) [8.27]. Mannosylated dextran bearing cysteine arms
are stable compounds that can be stored in the form of lyophilized powder for
long periods of time. In contrast, owing to the propensity of isocyanide groups
to polymerize, mannosylated dextran bearing isocyanide arms are less stable
compounds and should be prepared shortly before the radiolabelling process.
The **™Tc labelled dextran derivatives are inert complexes, as demonstrated by
the results obtained after challenging tests with cysteine and histidine, and may
undergo high dilutions without significant degradation.

Biological evaluation in mice, rats and rabbits has shown rapid and high
accumulation in the popliteal lymph node (the SLN in our animal model) that
remained almost stable for long periods of time. Uptake characteristics are
similar to those displayed by *™Tc tilmanocept [8.31]. The results of this work
have clearly confirmed that, as for *™Tc tilmanocept, uptake in lymph nodes is
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the result of a receptor mediated mechanism. Indeed, the uptake by lymph nodes
of mannosylated dextran derivatives, either labelled with a *™Tc carbonyl core or
with a Tc(NS;) fragment, was much higher than that of the corresponding dextran
derivative without mannose. Additionally, experiments in mice and rats were
able to demonstrate that the biological behaviour of *™Tc mannosylated dextran
complexes was very sensitive to injected mass. It is likely that this characteristic
has contributed to induce some degree of heterogeneity that has been observed
between results obtained in different laboratories.

Results from biodistribution can be used to classify the tracers under study.
There may be different criteria for establishing a rank order of imaging tracers on
the basis of their best biological properties. For SLNM agents, it was decided to
assign a rank on the basis of qualitative scores driven by the assessment of the
following properties:

— Extent of uptake in the SLN (at 30 min postinjection);
— First to second lymph node ratio;

— Residence of radioactivity in the first lymph node;

— Activity remaining at the injection site;

— Activity in organs (liver/kidneys) and blood.

The activity remaining at the site of injection was considered to have less
impact on the overall quality of the tracer than the ‘specificity’ for the first lymph
node. Thus, this characteristic was not used as a primary selection criterion
(activity remaining at the site of injection is of little or no concern for SLND
in melanoma, and is not a big issue in the case of breast tumours). Potential for
kit pharmaceutical development was not included in the ranking score. Because
the biological results obtained during this multilaboratory project were obtained
using different animal models and following slightly different protocols,
experimental data could not be simply mixed together to increase the statistical
power of the decision tree process. However, although with several limitations,
the biodistribution results allowed selection of [*™Tc(CO); DCM20] and
[*™Tc(CO), DAPMS] as the most promising agents for potential use in humans.

8.6. CONCLUSIONS

Results in mice, rats and rabbits showed that low valence **™Tc mannosylated
dextran derivatives are rapidly localized in SLNs following a saturable receptor
mediate mechanism. These radioconjugates, in particular [*Tc(CO); DCM20]
and [*™Tc(CO), DAPMS], retained a high binding capacity to SLNs. Imaging
in rats and rabbits revealed a rapid uptake into SLNs. In addition to the uptake
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in SLNs, the clearance from the injection site was also found to be inversely
related to the mass of the administered compound. Further evaluation in a well
controlled protocol and in a large number of animals will be needed to explore
the real potential of these compounds as SLNM agents in humans.
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