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Foreword

I am delighted to write this foreword for the book titled Targeted Intracellular 
Drug Delivery by Receptor Mediated Endocytosis, by a team of academicians and 
industry professionals, from the Institute of Chemical Technology (ICT), Mumbai, 
a deemed university of national and international repute. The book focuses on a very 
important thrust area in global healthcare, namely, cancer and infectious diseases. 
Global statistics reflect staggering increase in patient numbers, evolution of drug 
resistance, and severe adverse effects, all of which pose serious challenges in ther-
apy. Strategies relying on nanomedicine-enabled targeted delivery which could pro-
vide viable solutions are highlighted in this book.

I would like to compliment the multidisciplinary team of experts in nanomedi-
cine and biotechnology who have put together a very exciting and topical theme in 
an easy-to-comprehend format. The contents of the book reflect a comprehensive 
coverage of the receptor-mediated endocytic approach for targeted delivery of drugs 
into afflicted cells to overcome challenges of conventional therapy. Integration of 
science and technology as a vital aspect of the book ensures the book could cater to 
wide readership.

My compliments to the team for engaging and training a large number of young 
scientists during the course of this project.

My best wishes to the editorial team.

Manju Sharma
Former Secretary to the Government of India,  
Department of Biotechnology,  
Distinguished Women Scientist Chair, 
The National Academy of Sciences,  
Allahabad, India
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Preface

Modernization of society, despite revolutionary developments in medicine, has 
resulted in manifold increase in ailments as evident from the staggering statistics. 
This has triggered accelerated developments in drug discovery, with an ever- 
increasing focus on newer delivery approaches of established drug molecules. This 
typical approach of “packing old wine in new bottles” has led to path breaking 
developments of more efficacious and safer drug delivery systems. Despite numer-
ous challenges, targeted drug delivery is making slow but steady progress as an 
enabler in expanding the horizons of nanomedicine. Major applications of 
nanomedicine- based targeted delivery are focused on treatment of intracellular 
afflictions. Two major afflictions in this arena include cancer and intracellular infec-
tious diseases, both of which are rampant and growing at an alarming rate. Among 
various approaches for intracellular targeting of nanocarriers, this book as reflected 
by the title is thematic and focuses on one of the major and highly selective 
approaches of targeting, namely, intracellular delivery by receptor-mediated endo-
cytosis (RME).

We consider this subject as timely and relevant due to the ever-escalating discov-
ery of various receptors and the unfolding of their intricate involvement in the 
pathology of cancer and infectious diseases. The intent is to juxtapose an under-
standing of the receptors with rational developments in nanomedicine for targeted 
delivery with a prime focus on two of the major and challenging therapeutic areas, 
namely, cancer and infectious diseases, where we believe such developments would 
have immense practical relevance.

The book commences with an overview on the intracellular endocytic pathways. 
Citing these natural uptake mechanisms through examples, the chapter highlights 
the application of these natural biological processes for targeted intracellular drug 
delivery. The role of phagocytosis, the natural defense mechanism of the body for 
uptake of pathogens, is elucidated with an emphasis on bypassing the challenges to 
enable effective drug delivery. The major focus of the chapter however is on the 
various receptor-mediated endocytic pathways. The differences in the various 
uptake mechanisms are highlighted along with methods to effectively exploit these 
pathways through rational nanocarrier design. With this introduction, the  subsequent 
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chapters deal with in-depth discussions on receptors, their biology, the receptor 
domains for ligand attachment, and intracellular endocytosis. Receptors involved in 
the pathology of cancers and infectious diseases have been carefully selected. 
Targeted delivery to the receptors using nanocarriers is highlighted through diverse 
examples. The clinical trial status presented at the end of each of these chapters 
signifies their potential for societal relevance. A section on in vitro and in vivo eval-
uation models and a chapter on cellular assays provide hands-on training to young 
and nouveau researchers in the field of targeted nanomedicine.

Although the book would be of specific relevance to researchers and scientists 
working in targeted drug delivery, the book has been carefully planned to cater to 
the interest of receptor biologists, drug discovery scientists, nanotechnologists, 
medical doctors, and the pharmaceutical industry. Importantly, as the book is both 
authored and edited by the editorial team, it has been structured in a manner that 
permits easy readability and understanding, which could serve as a reference man-
ual and textbook for graduate students and doctoral and postdoctoral fellows.

The editorial team takes great pride in stating that this book has been a stepping 
stone in enhancing comprehension and writing skills of over 30 young research 
students and has begun its journey by serving as an educational research tool.

We do hope the book enlightens you on this important aspect of targeted 
nanomedicine.

Mumbai, India Padma V. Devarajan
Mumbai, India  Prajakta Dandekar 
Mumbai, India Anisha A. D’Souza

Preface
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Chapter 1
Intracellular Delivery: An Overview

Dhanashree H. Surve, Prajakta Dandekar, Padma V. Devarajan, 
and Anil B. Jindal

Abstract Targeted intracellular delivery is gaining importance, especially for 
improved therapy of cancer and intracellular infections. Endocytosis or cellular 
internalization, a physiological process for intracellular delivery of nutrients or 
destruction of pathogens, involves two major pathways, namely phagocytosis or cell 
eating, which enable uptake of solid particles and pinocytosis or cell drinking. 
Pinocytosis includes fluid-phase endocytosis (macropinocytosis/micropinocytosis) 
and receptor-mediated endocytosis (RME). While phagocytosis, macropinocytosis, 
and micropinocytosis are nonselective, RME is a selective process of internaliza-
tion, which is triggered by association of the receptor with specific ligands. Among 
endocytic processes, phagocytosis and RME are relied on for nanocarrier-based 
targeted drug delivery. This chapter describes various pathways with emphasis on 
phagocytosis and strategies to bypass lysosomal destruction of drugs. A major 
focus, however, is RME with a detailed discussion on clathrin, caveolin, and clath-
rin- and caveolin-independent pathways, and also provides a list of receptors based 
on the internalization pathway. Targeted delivery of drugs to subcellular organelles 
is also discussed. The discussion on the impact of nanocarrier properties on cellular 
internalization of nanocarriers throws light on factors to be addressed during 
nanoparticle design. This chapter thereby enables a comprehensive understanding 
of intracellular uptake in the context of targeted drug delivery.
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Abbreviations

AP2 Activating protein 2
BSA Bovine serum albumin
CALM Clathrin assembly lymphoid myeloid leukemia protein
CAM Cell adhesion molecule
CavME Caveolae-mediated endocytosis
Cdc42 Cell division control protein 42 homolog
CDR Circular dorsal ruffle
CLIC Clathrin-independent tubulovesicular carriers
CME Clathrin-mediated endocytosis
CPP Cell-penetrating peptide
CTX Cholera toxin
Dia2 Dynamin 2
DOX Doxorubicin
DRF Diaphanous-related formins
EEA1 Early endosome antigen 1
EGF Endothelial growth factor
EPR Enhanced permeation and retention
EPS15 Epidermal growth factor receptor pathway substrate 15
ESCRT Endosomal sorting complex required for transport
FA-M-β-CD Folate-appended methyl-β cyclodextrin
FCH Fer/cdc42 interacting protein 4 (CIP4) homology
FcR Fc receptors
GAP GTPase activating protein
GDI Guanine nucleotide dissociation inhibitor
GEEC-GPI AP-enriched early endosomal compartments
GEF Guanine nucleotide exchange factor
GRAF1 GTPase regulator associated with focal adhesion kinase 1
HGF Hepatocyte growth factor
HIV Human immunodeficiency virus
HUVEC Human umbilical vascular endothelial cells
Ig Immunoglobulin
IHME The Institute of Health Metrics and Evaluation
ITAM Immunoreceptor tyrosine-based activation
LAMP Lysosomal-associated membrane proteins
LDL Low-density lipoprotein
MMP Matrix metalloproteinase
NCF 1-Neutrophil cytosol factor 1/p47-phox
NCF-2 Neutrophil cytosol factor 2/p67-phox
NCF-4 Neutrophil cytosol factor 4/p40-phox
NO− Nitric oxide radicals
NOS2 Nitric oxide synthase 2
NRAMP-1 Natural resistance-associated macrophage protein 1

D. H. Surve et al.
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PDGF Platelet derived growth factor
PEG Polyethylene glycol
PIP2 Phosphatidyinositol-3,4-bisphosphonate
PIP3 Phosphatidylinositol-3,4,5-phosphate
PLGA Poly(lactic-co-glycolic)acid
Rac1 Ras-related C3 toxin protein
RBC Red blood cell
RES Reticuloendothelial system
RILP Rab interacting lysosomal protein
RME Receptor-mediated endocytosis
ROS Reactive oxygen species
RTK Rho tyrosine kinase
SMTP Spontaneous membrane translocating peptide
SV40 Simian virus 40
Syk Spleen-associated tyrosine kinase
TGF Tumor growth factor
TPP Triphosphonium ion
V-ATPase Vacuolar type H+-ATPase
Vpu Viral protein U
VSP Vegetative storage protein
WASP Wiskott-Aldrich syndrome protein
WHO World Health Organization

1  Introduction

Intracellular drug delivery construes a vibrant thrust area of research, especially for 
cancer and intracellular infections, which dictate the need for high intracellular drug 
concentration for effective therapy. Cancer and infectious diseases are rampant and 
associated with high morbidity and mortality rates worldwide. The Institute of 
Health Metrics and Evaluation (IHME) recorded 42 million cases of cancer globally 
with 8.9 million deaths in 2017. The top echelon of cancer types include breast 
cancer, colon and rectal cancer, prostate cancer, and lung cancer as per 2016 statis-
tics [1]. Similarly, infectious diseases, and in particular intracellular infections, con-
tinue to be a leading cause of deaths across the globe. The beginning of twenty-first 
century has witnessed the evolution from multiple drug-resistant infections to 
totally drug-resistant infections signifying immense threat to life. Around 95% of 
deaths caused due to infectious diseases were from low- and middle-income coun-
tries [2].

A number of anticancer and antiinfective agents including small molecule drugs 
as well as large molecules like DNA, siRNA, miRNA, proteins, and peptides exert 
their therapeutic effect by acting on targets located intracellularly. For instance, 
most of the anticancer drugs target the central dogma of molecular biology, which 
includes DNA to RNA to protein synthesis occurring intracellularly within the 

1 Intracellular Delivery: An Overview
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nucleus, mitochondria as target for proapoptotic drugs, and lysosome as target for 
lysosomal enzymes [3, 4]. Similarly, antiinfective drugs have their targets located 
intracellularly like the malarial parasite in red blood cells, HIV in CD4 T-cells, and 
mycobacterium tuberculosis in alveolar macrophages [5].

Intracellular delivery of drugs could have far-reaching effects especially for 
treatment of cancer and infectious diseases by providing quantum improvement in 
efficacy with simultaneous diminution in toxicity. This chapter presents an over-
view of the various pathways of cell internalization and important considerations in 
effecting intracellular delivery including delivery to subcellular sites. A major focus, 
however, is on the receptor-mediated endocytic pathways of intracellular delivery.

2  Cellular Internalization Pathways

Cellular internalization is achieved by endocytosis, a process enabling substances to 
enter cells. The general method adopted by the living system involves surrounding 
the substance to be internalized by a region of the cell membrane which is then 
pinched off inside the cell to form a vesicle containing the ingested material. The 
fate of the vesicle and its contents is decided by the endocytic pathway involved. 
Two major endocytic pathways are delineated: phagocytosis or cell eating, and 
pinocytosis or cell drinking, and both could be considered as forms of active trans-
port. In phagocytosis or “cellular eating,” the cell plasma membrane surrounds a 
macromolecule or even an entire cell from the extracellular environment and buds 
off to form a food vacuole or phagosome inside the cell.

Pinocytosis includes two pathways, namely, fluid-phase uptake and receptor- 
mediated endocytic uptake. The two major mechanisms of fluid-phase uptake are 
micropinocytosis and macropinocytosis [6]. Receptor-mediated endocytosis (RME) 
is a more selective process which is initiated when a cell surface receptor recognizes 
a particular moiety. Such uptake is responsible for intracellular delivery of a large 
number of nutrients into cells, classic examples being folic acid and iron mediated 
through the folate and transferrin receptors, respectively [7]. The various uptake 
pathways are elucidated in the following text.

2.1  Macropinocytosis and Micropinocytosis

Macropinocytosis is an actin-driven endocytic mechanism wherein extracellular 
fluid and cell debris are nonspecifically internalized by large heterogenous mem-
brane ruffles. These ruffles collide into the plasma membrane to form vesicles called 
macropinosomes in the plasma membrane [8–10]. Activation occurs when the cell 
membrane is subjected to surface ruffling, or structural modifications, wherein the 
physical stimulation results in vesicle formation and their subsequent internaliza-
tion. Trafficking of the macropinosome into the cell involves Ras and PIP3  signaling. 
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Ras activates PIP3 once ligand binds to the plasma membrane, leading to the forma-
tion of membrane projection or ruffles, which due to actin polymerization close to 
form macropinosomes that vary in size between 1 μm and 5 μm. The PIP3 converts 
to phosphatidylinositol-3,4-bisphosphosphonate (PIP2) after closure of the vesicle, 
which upon vesicle detachment converts to the monophosphate form (PIP) [11]. 
Macropinocytosis is a receptor-independent process triggered by antigen- presenting 
dendritic cells and is a major endocytic pathway in epithelial and tumor cells. It is 
also considered as a major endocytic pathway for gene and drug delivery using cell-
penetrating peptides (CPP) which mainly comprise positively charged lysine and 
arginine-rich molecules. Interaction of positively charged CPP with the negatively 
charged plasma membrane for long duration culminates in internalization by mac-
ropinocytosis [12]. Macropinocytosis utilized by cancer cells for uptake of nutrients 
by Ras activation pathway has been relied on for delivery of siRNA into cancer 
cells [13].

Internalization through circular dorsal ruffles (CDR) is also a form of macropi-
nocytosis. CDR are membrane protrusions which appear at the cell periphery or 
dorsal surface of cell. This pathway is widely used for tyrosine kinase receptor traf-
ficking which is involved in cell growth, mitosis, motility, and invasion [14]. It 
involves a membrane driven-wave to trigger endocytosis of cargo. The formation of 
CDR involves activation of RTK by various cargoes like EGF, PDGF, and hepato-
cyte growth factor (HGF) leading to RTK dimerization and phosphorylation of its 
cytoplasmic part creating docking site for Src-2 class protein. This triggers a protein 
cascade involving adaptor and kinase proteins leading to actin polymerization. 
Actin polymerization leads to membrane curvature by concentric movements. 
Further, curved protein like TUBA binds to dynamin and activate Bin-Amphiphysin- 
Rvs domain which senses and induces membrane curvature to form dorsal ruffles. 
CDR is initiated at the site where spontaneous curvature could be developed involv-
ing proteins from concave and convex class. For instance, TUBA is concave curved 
activator of N-WASP, while BAR protein is convex curved activator protein [15]. 
Other proteins involved in the cascade include GTPase, Rac Rab5, Ras, non-RTKs, 
c-Abl and c-Src, serine-threonine kinases and PIP3, MMP, Paxillin, Vincullin of 
cytoskeleton, kinases and adhesion class. Consequently, the CDR formed have the 
ability to clear off growth factor-activated membrane receptors within few minutes 
forming many endosomes containing CDR tubules which encompass more than one 
cargo [14, 16]. CDR differ from macropinocytosis in engulfment of specific cargo 
of tyrosine kinase class as opposed to macropinocytosis which generally encompass 
nonselective large fluid cargo [15]. Characteristic features of CDR include tyrosine 
kinase-induced membrane tubules activated by various growth factors, large amount 
of internalization up to 50–60% ligand-receptor complex of tyrosine kinase class, 
without formation of coated vesicles independent of clathrin, AP2, or caveolin 
within 15–20 minutes, with the site of ruffle formation similar to dynamin involved 
in clathrin-mediated endocytosis [14].

Micropinocytosis, on the other hand, enables internalization of small macromol-
ecules (<0.2  μm in diameter) via both clathrin-coated and uncoated vesicles. 
Macropinocytosis, although less selective, is among the more efficient  internalization 
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processes due to ingestion of larger molecules [17]. Cellular internalization by mac-
ropinocytosis and micropinocytosis is depicted in Fig.1.1.

Among the various endocytic pathways, targeted delivery employing nanocarri-
ers, which is the central theme of this book, is achieved by two principle uptake 
mechanisms: phagocytosis and receptor-mediated endocytosis, which are dealt with 
in detail in the subsequent part of the chapter.

3  Phagocytosis

Phagocytosis or cell eating is a process exhibited majorly by special cells in the 
body which belong to the reticuloendothelial system (RES) called phagocytes 
which serve as the primary defense system of the body. Phagocytes are classified as 
“professional” and “nonprofessional”; however, only the professional phagocytes 
exhibit active involvement in phagocytosis. Professional phagocytes include the 
monocytes, macrophages, neutrophils, tissue dendritic cells, and mast cells. The 
nonprofessional phagocytes which comprise the epithelial cells, endothelial cells, 
fibroblasts, and mesenchymal cells participate in a limited manner and are therefore 
less important in the context of phagocytosis [18].

The process of phagocytosis occurs in distinct stages as described in the follow-
ing text.

Fig. 1.1 Macropinocytosis and micropinocytosis
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3.1  Opsonization

Adsorption of plasma proteins onto the surface of foreign particles to aid their rec-
ognition by opsonic receptors is termed as opsonization and the adsorbed proteins 
are called opsonins. This is the first step in the recognition of foreign particles by the 
host. Opsonization is a critical step which facilitates interaction of opsonin-coated 
foreign particles with receptors on the macrophage. The opsonins that play a role in 
phagocytosis are discussed in the following text.

3.1.1  Antibodies

Antibodies are generated in response to antigen trigger by B cells. Antibodies iden-
tified include immunoglobulin G and M class antibody, antitype II antibody, and 
heat-labile opsonins like 7S immunoglobulin [19, 20]. While the antibody Fab 
region exhibits binding to the antigen, the antibody Fc region exhibits binding to an 
Fc receptor on the phagocyte. Such binding facilitates phagocytosis [21]. Although 
immunoglobulin M (IgM) does not exhibit binding with Fc receptor on macro-
phages, it is considered as an opsonin since it activates the complement effec-
tively [20].

3.1.2  Complement Proteins

The role of complement includes initiation of opsonization, inflammation, lysis, and 
antimicrobial action. Among the various complements, C3b, C4b, and C1q play an 
important role as opsonins. The complement cascade can be spontaneously acti-
vated as part of the alternative complement pathway to convert C3 to C3b, which 
then plays the role of an opsonin when adsorbed on an antigen [22]. Antibodies can 
also trigger activation of complement by the classical pathway to enable deposition 
of C3b and C4b on the surface of the antigen [23]. Once coated on the antigen, both 
C3b and C4b are recognized by complement receptor 1 which is expressed by all 
phagocytes on their surface. Unlike C3b and C4b, C1q interacts with a member of 
the C1 complex which exhibits interaction with the Fc region of antibodies and 
hence the Fc receptor [22].

3.1.3  Circulating Proteins

The secreted Pattern Recognition Receptors, namely the pentraxins [24], the col-
lectins [25], and the ficolins [25] are also capable of functioning as opsonins. They 
can coat particles/microbes as opsonins and enhance the reactivity of neutrophils 
against them.
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3.2  Recognition of Particles by Cell Surface Receptors

Recognition of particles is initiated by opsonic receptors which recognize the opso-
nins or host-derived soluble molecules that adsorb onto the surface of particles and 
help in their ingestion. In the absence of opsonization, phagocytosis is not triggered. 
Important opsonic receptors include Fc receptors (FcR) and the complement recep-
tors (CR). Fc receptors bind to the Fc portion of IgG or IgA while complement 
receptor binds to the iCR3b [21]. Fc receptors follow “tethering and tickling” pro-
cess, wherein few receptors bind to the ligand and “tether” it to the cell surface and 
the receptors “tickle” the cell and cause internalization, which ultimately leads to 
ingestion of particles [21]. For instance, immunoglobulin-G-coated antigen binds to 
immunoglobulin receptors which activate rearrangement of actin filaments leading 
to cell membrane distortion to form cup-shaped invagination [9]. Various comple-
ment receptors which enable recognition of ligands by phagocytes include CR1, 
CR4 which bind C3b, iC3b, C1q, and β-integrin [26].

3.3  Particle Internalization

Interaction of foreign particles with phagocytic receptors initiates a signal cascade 
which triggers actin polymerization and thereby facilitates particle internalization 
[27]. Following attachment to the phagocytic cell, polymerization of the actin cyto-
skeleton aids complete coverage of the particle by the plasma membrane to effect 
phagocytosis [28]. When IgG ligand binds to Fc receptor, Src family kinases are 
activated which phosphorylate immunoreceptor tyrosine-based activation (ITAM) 
motifs of Fc receptors. Actin nucleation complex Arp2/3 is regulated by GTPase 
Rac. Syk recruits enzyme phosphatidylinositol 3-kinase for regulation of lipid 
phosphatidylinositol- 3,4,5-trisphosphate (PIP3) at the phagocytic cup. Rac activa-
tion and contractile protein myosin are also regulated by PIP3.

3.4  Phagosome Formation

Engulfing of foreign invasion/particles necessitates changes in the actin cytoskele-
ton and plasma membrane to form extensions called pseudopodia. Pseudopodium, 
also known as pseudopod, represents an arm-like projection of the cell membrane 
which is generated temporarily to aid coating and ingestion of particles by phago-
cytes. They are filled with cytoplasm and chiefly comprise actin filaments. They 
may, in addition, contain microtubules and other intermediate filaments. Complete 
coverage of the particles is important for phagocytosis. Pseudopodia formation is 
initiated by disruption of linear actin fibers present in the phagocytic plasma mem-
brane by action of coronins (F-actin debranching proteins) and cofilin and gelsolin 
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(F-actin-severing proteins). Thereafter, F-actin polymerization takes place by Arp 
2/3 protein complex to extend the pseudopodia around the particles. Subsequent 
depolymerization of actin filaments results in curving of the phagosome base mem-
brane which is controlled by phosphatidylinositol 3-kinase [9, 28].

3.5  Phagolysosome Maturation

Phagosomes once inside the cell are transformed into phagolysosomes by fusion 
with lysosomes, to destroy foreign particles by the very acidic environment and 
degradative enzymes present in the lysosomes. The process of formation of pha-
golysosome is called phagolysosome maturation and occurs in four stages: early, 
intermediate, late, and ends with the phagolysosome formation which is the 
final stage.

In the early stage, phagosomes fuse with sorting and recycling endosomes to 
form early endosomes. The fusion process is controlled by GTPase Rab5 which 
functions through recruitment of several proteins, namely, early endosome antigen 
1 (EEA1) and class III PI-3 K human vacuolar protein-sorting 34 [29]. Early endo-
somes become slightly acidic (pH  6.1–6.5) due to the gradual accumulation of 
V-ATPase onto the membrane surface [30]. The intermediate stage involves conver-
sion of Rab5 present on the membrane to Rab7 which mediates fusion of the phago-
somes with late endosomes. The membrane of the phagosomes now starts inward 
growth to form vesicles [31]. In the late stage, Rab7 recruits Rab-interacting lyso-
somal protein to mediate phagosome fusion with lysosomes [30]. During this stage, 
the phagosome lumen becomes more acidic (pH 5.5–6.0) due to the accumulation 
of more number of V-ATPase molecules on the membrane [30]. In addition, several 
other proteins including Rab-interacting lysosomal protein (RILP) which facilitates 
contact between phagosomes and lysosomes, lysosomal-associated membrane pro-
teins (LAMPs) responsible for fusion of lysosomes with phagosomes, and luminal 
proteases are involved in the phagolysosome formation. The final stage relates to 
microbicidal activity of phagolysosomes which is affected by several mechanisms. 
Phagolysosomes are highly acidic (pH 4.5) due to the presence of a large number of 
V-ATPase molecules on the membrane. Low pH inside phagolysosomes due to 
translocation of protons (H+) by V-ATPase in the lumen using cytosolic ATP is the 
most destructive antimicrobial effector. Acidic pH interferes with normal metabolic 
processes of microorganisms including uptake of essential nutrients and can also 
activate certain hydrolytic enzymes which enable destruction of microorganisms 
[32]. Presence of degradative enzymes (lipases, proteases, and lysozymes) and 
scavenger molecules (lactoferrin and NADPH) also contributes to the microbicidal 
action of phagolysosomes [33, 34].

Reactive oxygen and nitrogen species also contribute to the antimicrobial effect 
of phagolysosomes. Reactive oxygen species (ROS) is produced by NADPH oxi-
dase by association of three cytosolic components: NCF-4 (neutrophil cytosol fac-
tor 4/p40-phox), NCF-1 (neutrophil cytosol factor 1/p47-phox), and NCF-2 
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(neutrophil cytosol factor 2/p67-phox). These ROS destroy biological macromole-
cules including proteins and nucleotides, leading to antimicrobial effect [35]. 
Furthermore, nitric oxide radicals (NO·) are generated by inducible nitric oxide syn-
thase 2 (NOS2) after the conversion of L-arginine and oxygen into L-citrulline and 
NONO· which react with O2

− to form peroxynitrite (ONOO−) which is ultimately 
responsible for destruction of proteins and nucleotides [35].

Elimination of essential nutrients from the phagosome sequestering molecules 
inside phagosomes or transporters onto the surface of membrane can also induce 
killing. For instance, depletion of divalent cations Fe2+ and Mn2+ by sequestering 
through lactoferrin, a nonheme Fe2+-binding glycoprotein present in neutrophils, or 
transport of divalent cations (Fe2+, Zn2+, and Mn2+) out of phagolysosomes by the 
transporter natural resistance-associated macrophage protein 1 (NRAMP-1) can 
also contribute to microorganism destruction [36]. Antimicrobial peptides, namely 
defensins and cathelicidins, present inside phagolysosomes also contribute to the 
antimicrobial effect [37]. Additionally, lysozyme and lysosomal hydrolases disrupt 
the bacterial cell wall by degrading peptidoglycan which is an essential cell wall 
component. Further, enzyme Phospholipase A2 can degrade anionic phospholipids 
such as phosphatidylglycerol, which are important cell membrane components, 
thereby leading to complete cell wall lyses [32].

3.6  Preventing Phagolysosomal Fusion

Phagocytosis is an important physiological process that can internalize nanoparti-
cles loaded with therapeutic cargoes for macrophage targeting [38]. Nevertheless, 
the aggressive phagolysosomal environment can prove a serious impediment in 
ensuring drug stability. Approaches for prevention of phagolysosomal fusion and/or 
phagolysosomal maturation could be integrated during nanosystem design to maxi-
mize therapeutic benefits of macrophage targeting [39].

Shuttle system including proteins such as Wortmannin, Concanamycin-A exhibit 
the ability to prevent phagosomal maturation by interfering with PI3K, Rab, EEA1, 
and V-ATPase pathways. Further, they recruit digestive proteases which degrade the 
lysosome. Concancamycin-A is a V-ATPase inhibitor and hence can prevent acidi-
fication of the vesicle and eventually their maturation. Chloroquine, a basic com-
pound, can also prevent phagolysosomal fusion by preventing acidification of the 
phagosome. Wortmannin, on the other hand, has the ability to interact with the PI3K 
pathway and inhibit phagolysosomal fusion due to C-20 lysine derivative. Designing 
nanoparticle with such established shuttle systems could prevent phagolysosomal 
escape [40]. The steps involved in phagocytosis are depicted in Fig. 1.2.
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4  Receptor-Mediated Endocytosis (RME)

Receptor-mediated endocytosis is a selective process of cell internalization and 
necessitates recognition of a receptor on the cell membrane prior to internalization. 
In case of phagocytosis, opsonins serve as ligands recognized by the macrophages 
irrespective of the nanocarrier or the cargo. Receptors involved in RME express 
very specific recognition domains and hence exert a high degree of selectivity [42]. 
However, some receptors like the cytokine receptors may be more promiscuous than 
others. These receptors are expressed on cells to perform various cellular functions 
including delivery of nutrients to cells, for instance, folate [43] and transferrin 
receptors [44] or scavenging endogenous debris, for instance, the asialoglycopro-
tein receptor [45], or even protecting the body from virulent attacks by microorgan-
isms, for example, mannose receptor, scavenger receptor [46], and toll-like 
receptors [47].

Unlike phagocytosis which follows a similar endocytic process irrespective of 
the macrophage involved or the cargo internalized, receptor-mediated endocytosis 
can follow different pathways. Furthermore, all receptors are not ubiquitous. 
Although receptors are expressed based on a physiological need, some of these 
receptors may be overexpressed in pathological conditions. Such overexpression is 
exploited for targeted delivery of actives into specific cells mediated through these 
receptors [48]. As a general example, cancer cells overexpress a number of recep-
tors and the same have been widely explored for targeting drugs intracellularly. 
Activated macrophages also overexpress certain receptors which could also serve as 
targets especially for targeted therapy of infections.

Fig. 1.2 Steps involved in phagocytosis. (Reproduced from ref. no. [41])
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A large number of receptors have been explored for targeted drug delivery and 
more receptors are being discovered and recruited for such purposes. Receptors that 
can contribute significantly for therapeutic advancement are discussed in detail in 
the subsequent chapters of the book. Each chapter includes an in-depth discussion 
of the receptor physiology, the domains for ligand attachment, various possible 
ligands, and targeted drug delivery strategies employed including those that have 
reached clinical trials.

An important purpose of this chapter is to provide an insight into the various dif-
ferent pathways of receptor-mediated uptake exhibited by cells. The chapter would 
also throw light on factors that influence such uptake. Targeted drug-delivery strate-
gies employed for efficiently harnessing such uptake for improved therapeutic goals 
are discussed separately for each receptor in the respective chapter.

4.1  Internalization by RME

RME is adapted by the body for intracellular delivery of various endogenous com-
pounds and nutrients, including cholesterol, iron, vitamin B12, insulin, and epider-
mal growth factor [7]. Different processes may, however, be followed depending on 
the receptor under consideration. The general steps, irrespective of the pathway, 
include binding of proteins to specific cell surface receptor, internalization of the 
receptor-ligand complex into a vesicle and intracellular trafficking of the receptor- 
ligand complex to the lysosome or other subcellular organelles [6]. The intake 
mechanism is determined by the receptor constitution which dictates the pathway 
based on the various proteins involved in vesicle formation [49]. Nevertheless, 
intracellular trafficking can be altered through nanocarrier design offering opportu-
nity for tailored intracellular delivery. The various RME uptake pathways are 
detailed in the following text.

4.1.1  Clathrin-Mediated Endocytosis

Clathrin-mediated endocytosis is an important endocytic pathway for cellular inter-
nalization in multicellular organisms. It involves internalization of receptors which 
regulate neurotransmission, signal transduction, cellular homeostasis, growth dif-
ferentiation, growth control, synaptic transmission, and regulation of plasma mem-
brane activities [50]. Several essential nutrients are also internalized by 
clathrin-mediated endocytosis. For instance, cholesterol enters into cells as low- 
density lipoprotein (LDL) via LDL receptor or iron enters into cells via transferrin 
receptors.
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4.1.2  Mechanism of Clathrin-Mediated Endocytosis

The mechanism of clathrin-mediated endocytosis is initiated when binding of a 
ligand to receptors on the cell membrane triggers clustering of the pioneer proteins 
(AP2, CALM, FCH01, and EPS15) and adaptor proteins located on the cellular 
membrane. Thereafter, these interact with a few cellular membrane lipids to form a 
coat called as “clathrin-coated pits.” Clathrin is a three-legged structure known as 
triskelion which is formed by association of three clathrin heavy chains and three 
clathrin light chains. The clathrin triskelions associate together in pentagonal and 
hexagonal fashion with 12 pentagons and 4 hexagons to form an icosahedral cage- 
like structure [51]. The loading of cargo into the clathrin-coated pits involves a 
“cargo check point mechanism” which initiates the process of formation of clathrin 
vesicles only if a specific number of cargoes interact with the cell membrane, else 
the process is aborted. Membrane bending is essential during endocytosis for the pit 
to covert to bud following which scission proteins including emphiphysin, 
endophilin, sorting nexin 9 of BAR domain, and dynamin, with the help of actin 
polymerization, excise the pits to form clathrin-coated vesicles which are trafficked 
within the cells [52]. Dissociation of the receptor-ligand complex releases clathrin 
to form an early endosome, which is mediated by adaptor proteins present in clath-
rin. These adaptor proteins function in anterograde and retrograde directions 
between transmembrane Golgi apparatus and endosome [53]. The early endosome 
comprises microtubules, microfilaments, and other molecular motor proteins and 
V-ATPase generating protons, thereby exhibiting acidic pH in the range of 5.5–6. 
The early endosome carrier vesicle detaches from early endosome to form the late 
endosome with gradual decrease in pH to <5.3 providing favorable environment for 
acid hydrolase (lysozyme). Fusion of the late endosome with lysosomes budded 
from trans-Golgi-apparatus results in the formation of the endolysosome which pro-
vides a harsh environment of enzymes and low pH [54]. Depending upon the recep-
tor type, the receptor endocytosed in endosome can be recycled back to the plasma 
membrane for homeostasis or could be directed toward lysosomes. For example, 
LDL receptors are recycled back to plasma membrane and insulin or epidermal 
growth factor receptors are subjected to lysosomal degradation [49, 55].

Low pH of late endosome leads to dissociation of ligand from the receptor. 
Further, it leads to the formation of recycling tubules containing receptors to be 
recycled either to the plasma membrane or delivered to trans-Golgi network. 
Collection of recycling tubule forms endosomal recycling compartment. Thereafter, 
the late endosome fuses with the lysosome wherein the cargo is lysed to obtain vari-
ous components for cell processing [56]. For example, low-density lipoproteins are 
broken down to cholesterol, amino acid, and fatty acids which are required for 
maintaining cell function. Figure  1.3 is a schematic representation  of clathrin- 
mediated endocytosis by LDL receptor.
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4.1.3  Caveolae-Mediated Endocytosis

Caveolae-mediated endocytosis is considered the second most important cellular 
internalization pathway which also plays a key role in regulating cell signaling, lipid 
regulation, and vesicular transport [51]. Among the receptors that have been evalu-
ated for targeted drug delivery, the folate, endothelial growth factor, and vascular 
endothelial growth factor receptor are among those that exhibit caveolae-mediated 
endocytosis. Albumin as well as pathogens like ganglioside-bound cholera toxin, 
SV40 virus, CTX, polyomavirus, HIV, etc. are internalized via caveolae-mediated 
endocytosis and transcytosis [54, 57].

Caveolae, the site for caveolae-mediated endocytosis, are flask-shaped mem-
brane invaginations of 60–80 nm and 10–50 nm base and neck diameter, respec-
tively. They are also responsible for vesicle formation and lipid-raft stabilization. 
Caveolae-mediated endocytosis is initiated by interaction of ligands with receptor 
domains present abundantly in caveolae. Src-kinase-induced phosphorylation of 
Caveolin-1, a member of the caveolin protein family, initiates formation of caveo-
lae. The subsequent signaling cascade involves oligomerization of Caveolin-1 with 
Caveolin-2, aided by actin filaments leading to formation of a caveosome which is 
mediated by the recruitment of dynamin to the caveolae. Cargoes are then delivered 
into the cytosol and the actin filaments are recycled back to the plasma membrane. 
Unlike the clathrin-mediated pathway which goes through stages of the early and 
late endosome and fusion with the lysosome, delivery of cargo by the caveosomes 
in the cytosol permits their subcellular accumulation either in endoplasmic reticu-
lum or Golgi bodies. Targeting to the mitochondria or nucleus is also facilitated. 
Caveloae-mediated uptake through the folate receptor is depicted in Fig. 1.4. The 
folic acid released from the caveosome is polyglutamated and stored inside the cell. 

Fig. 1.3 Clathrin-mediated endocytosis by LDL receptors
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Molecular proteins directing the caveosomes to either endoplasmic reticulum or 
Golgi bodies are either present during the formation of caveosome or appear after 
its formation [54, 58]. Caveolae-mediated endocytosis avoids the conventional 
endosomal and endolysosomal degradation. This pathway is therefore considered 
most suitable for intracellular delivery of drugs.

4.1.4  Clathrin- and Caveolin-Independent Endocytosis

Clathrin- and caveolin-independent endocytosis may be constitutive or triggered by 
various signals that do not utilize either clathrin or caveolin for endocytosis or their 
molecular machinery involved. Both dynamin-dependent and dynamin-independent 
pathways may be involved. Various clathrin- and caveolin-independent pathways 
are described briefly in this section.

Flotillin-Mediated Endocytosis

Flotillin-mediated endocytosis is a clathrin-independent cellular internalization 
pathway which highlights the role of plasma membrane microdomains compris-
ing  of flotillin proteins in endocytosis. The mechanism involves formation of 
caveolae- like microdomains with dominant presence of flotillin-1 and flotillin-2. 
Flotillin-mediated endocytosis mechanism further involves oligomerization of 

Fig. 1.4 Caveolae-mediated endocytosis of folate receptor
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membrane-bound proteins flotillin-1 and flotillin-2 which forms mobile microdo-
mains in the plasma membrane and activates immunoreceptors initiating endocyto-
sis which further buds into the cell. These microdomains are sensitive to ligands 
linked to GPI-anchored proteins. Endocytic trigger by flotillin microdomains is 
regulated by Fyn-mediated phosphorylation and Src tyrosine kinases [59, 60]. 
Flotillin aids in regulation of many physiological processes including cell adhesion, 
endocytosis, signal transduction, regulation of plasma cholesterol, uptake of dopa-
mine and glutamate transporters, and neutrophil migration by interaction with corti-
cal cytoskeleton [61, 62].

Since flotillin-dependent pathway is initiated via lipid-raft, highly hydrophobic 
and charged moieties are endocytosed via flotillin-mediated endocytosis. Nonviral 
DNA polyplexes generally undergo flotillin-dependent endocytosis via charged 
interaction between cationic polyplexes and anionic plasma membrane [63].

RhoGTPase-Dependent Pathway

RhoGTPase belongs to the RasGTPase superfamily which regulates a variety of 
cellular processes including vesicle formation, apoptosis, viral transport, and cel-
lular transport. Three well-known Rho family members include cdc42, RhoA, and 
Rac-1 [64]. Regulation of GTPase activity involves various proteins like guanine 
nucleotide exchange factor (GEF), GTPase activating protein (GAP), and guanine 
nucleotide dissociation inhibitor (GDI) (Fig. 1.5). Activation of GTPase acts down-
stream to initiate different cellular protein activation [64]. RhoGTPase triggers actin 
polymerization by activating the WASP/WAVE (Wiskott-Aldrich syndrome pro-
tein) and/or WASP family (Verproline homologous protein), Diaphanous-related 
formins (DRF), and LIM-K-initiated coffillins. Actin polymerization leads to the 
formation of membrane vesicles called lamellipodia which are sheet-like protru-
sions formed by network of actin filaments and filopodia or finger-like protrusions 
formed by parallel actin filaments. Rho-A has always been associated with lamel-
lipodia and cdc42 with filopodia [65]. This pathway enables delivery of cargo into 
the cytosol permitting their subcellular accumulation either in endoplasmic reticu-
lum or in Golgi bodies.

Reports have established that the cellular transmission and infection of HIV-1 
may occur through Rho-A-dependent pathway which is applicable for natural sub-
stances like cholesterol. For instance, virus-infected cells lead to activation of 
Rho-A which in turn activates Dia2 which binds to microtubules and activates their 
dynamics leading to transfer of the virus to the nucleus [64]. Rho-A deactivation or 
protein isoprenylation blockers like statins may therefore delay viral infection and 
propagation [66]. HIV-1 fusion domain-derived CPP containing large arginine 
groups like TAT and MPG-α could trigger intracellular delivery of cargoes [67].
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CLIC/GEEC and Arf6 Endocytic Pathway

CLIC/GEEC pathway involves glycosylphosphatidylinositol anchored protein 
(GPI-AP) which undergoes fluid-phase endocytosis via dynamin-independent path-
way. The GPI-AP fuses with early endosome which are termed as GPI-AP-enriched 
early endosomal compartments (GEEC) or clathrin-independent tubulovesicular 
carriers (CLIC) endocytosis pathway. This pathway is insensitive to amilioride and 
is constitutive unlike macropinocytosis [68]. CLIC involves various molecular 
machinery including GTPase regulator associated with focal adhesion kinase 1 
(GRAF1) and guanine nucleotide exchange factor (GEF) for Arf1, RhoGAP, and 
RhoGTPase Cdc42. CLIC-mediated endocytosis was reported to be sensitive to 
concentration of membrane cholesterol. Further, several inherent proteins including 
CD44, dysferlin, GPI-bound proteins including cell adhesion molecule (CAM), 

Fig. 1.5 (a) Role of GEF, GAP, and GDI in cell signaling. (b) Various Rho family members 
involved in intracellular trafficking to endoplasmic reticulum and Golgi apparatus. (Reproduced 
from [64])
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CD48, CD14, and folate receptors are endocytosed via this pathway [69]. Thus, 
ligands specific to GPI-anchored protein and cholesterol-functionalized nanoparti-
cles could be utilized for intracellular delivery via this pathway. For instance, folate- 
appended methyl-β cyclodextrin (FA-M-β-CD) was developed as a novel anticancer 
agent for intracellular delivery via CLIC/GEEC pathway in folate-overexpressing 
cancer cells [70].

While Arf6 is a protein present on cell surface or in some cases on endosomes of 
clathrin-independent cargoes, many inherent proteins like GP-anchored proteins, 
nutrient transport protein (GLUT, CD98, LAT1), and proteins responsible for 
immune function undergo endocytosis via this route. The Arf6 endosome ultimately 
fuses with Rab-5 positive sorting endosomes which may either be degraded or recy-
cled. Due to its resemblance to CLIC/GEEC pathway, it is considered as a part of 
this pathway [71].

A brief summary of different endocytic pathways is depicted in Table 1.1.
Table 1.2 depicts the endocytic pathway exhibited by receptors. As covering all 

receptors is beyond the scope of this book, the list is restricted to the receptors dis-
cussed in various chapters of this book.

5  Intracellular Drug Delivery to Subcellular Compartments

Delivery of actives in the cytosol following receptor-mediated endocytic pathways 
can be challenging, especially if the actives are fragile molecules like siRNA, genes, 
plasmids, peptides, and proteins. Delivery of molecules that exhibit limited stability 
in the acidic endosomal and lysosomal pH environment, or are degraded by lyso-
somal enzymes, is also challenging. For therapeutics that need to localize in specific 
cellular compartments to elicit activity, specialized approaches may be  required. 
Such approaches are detailed in this section.

Table 1.1 Summary of various endocytic pathways

Endocytic pathways
Characteristics
Vesicles Vesicle size Intracellular fate of cargo

Phagocytosis Phagosome 0.5–10 μm Lysosomal degradation
Clathrin-mediated 
endocytosis

Clathrin-coated vesicle 60–300 nm Lysosomal degradation

Caveolae-mediated 
endocytosis

Caveosome 60–80 nm 
could be 
enlarged

Lysosomal bypass and 
delivery to endoplasmic 
reticulum, golgi apparatus, 
and nucleus

Clathrin and 
caveolae independent

Lamellipodia, filopodia, 
clathrin-independent 
tubulovesicular carrier

90 nm Lysosomal bypass and 
delivery to endoplasmic 
reticulum, golgi apparatus, 
and nucleus

Macropinocytosis Macropinosome 1–5 μm Lysosomal degradation
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5.1  Cytosolic Delivery

Cytosolic delivery includes delivery of therapeutics to the mild cytoplasmic envi-
ronment of the cell, particularly for acid- and enzyme-labile drugs. A large number 
of intracellular infections harbor pathogenic organisms in the cytosol. Effective 
cytosolic delivery of therapeutic agents in active form is a vital need in such infec-
tions. The delivery of cargoes into the cytosol is challenging due to their high 
molecular weight, hydrophilicity, and endosomal uptake of macromolecules [72]. 
Methods to achieve cytosolic delivery are elucidated in the following text.

Table 1.2 Endocytic pathways and receptors

Endocytic pathways Receptors

Phagocytosis Complement receptors
Dectin-1
Fc receptors
IgG receptor FcγRI CD64
Integrin
Mannose
Scavenger receptor, MARCO
Toll-like receptor

Clathrin-mediated endocytosis Endothelial growth factor (EGF)
Estrogen, progesterone, and androgen
Gonadotropin-releasing hormone
Insulin-like growth factor
LDL
Mannose
Peroxisome proliferator activated receptors 
(PPAR)

Caveolae-mediated endocytosis Adrenergic
EGFR
Folate
Insulin-like growth factor
Interleukin-2
Platelet-derived growth factor
Vascular endothelial growth factor (VEGFR)

Clathrin and caveolae independent Dopamine
EGFR
Integrin
Thrombin-mediated GPCR
Transferrin
Tyrosine kinase
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5.1.1  Cell-Penetrating Peptides

Cell-penetrating peptides (CPP) consist of short-chain amino acid sequences which 
facilitate cellular uptake of various cargoes into the cell due to large abundance of 
arginine or lysine or other charged or hydrophobic amino acids. Cell-specific 
peptide- drug conjugates, covalent nanoconjugates, and supercharged peptides for 
cytosolic delivery have been investigated [72, 73]. CPP can be either conjugated 
with the drug or over the surface of the nanoparticles encapsulating the drug for 
delivery into the cytoplasm [74]. pH-sensitive lysine-enriched STP peptide- 
conjugated doxorubicin (DOX) liposome showed enhanced drug concentration in 
cytoplasm. Furthermore, STP-conjugated DOX liposome revealed enhanced uptake 
at pH 5.8 as compared to unmodified DOX-loaded liposome. Uptake of STP-LS- 
DOX decreased in 293 T cells when the pH changed to 7.4 (Fig. 1.6) [75]. Similarly, 
Ritonavir-loaded Tat-conjugated lipid nanoparticles also exhibited cytoplasmic 

Fig. 1.6 Confocal microscopic image of STP-LS-DOX cell uptake studies in HUVEC and 293 T 
cells. Blue fluorescence represents Hoechst33342 dye for nucleus of cell while red represents 
Doxorubicin. (Reproduced from [75])
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delivery in brain cells [76]. Cell-penetrating peptides including penetratin, arginyl-
glycylaspartic acid (RGD), and octaarginine have also been reported for cytosolic 
delivery of therapeutic agents [77, 78].

5.1.2  Endolysosomal Escape

Most pathogens harbor safely in the cytosol due to endolysosomal escape or by pre-
venting endolysosome formation. Evasion of endolysosomal fusion by delaying 
phagosome maturation, phagosome bursting, utilizing back fusion mechanism, and 
disturbing molecular machineries are some strategies adopted by the pathogens 
[79–82]. Pathogens including L. monocytogenes secrete cholesterol-dependent 
toxin listeriolysine (O) to form pores in the endosomal membrane. Inhibition of 
endolysosomal fusion by interfering with or inhibiting protein cascades including 
ESCRT-I, TGF101, and VPS class required for docking and tethering of endosome 
to lysosome is also reported [82]. Anthrax and VSV nucleocapsid prevented forma-
tion of multivesicular bodies at low pH by fusion of viral envelop with endosomal 
membrane and delivery of capsid/lethal edema factor respectively, into the cyto-
plasm to enable endolysosomal escape [79, 80]. Pathogens like Brucella and 
Leishmania donovani destroyed the lipid-raft of endosome which consists of vari-
ous proteins involved in endosomal fusion. Secretion of β-1,2 glycan and GPI- 
anchored glycolipid lipophosphoglycan from Brucella and L.  Donovani, 
respectively, led to disorganization of lipid raft and endolysosomal fusion leading to 
cytosolic delivery [81, 83]. M. tuberculae secrete mycobacterial phosphatase. Few 
pathogens inhibit the lipid-scaffolding protein called phosphoinositide. Secretion of 
mycobacterial acid phosphatase (SapM) and inositol phosphatase (SopB) by 
M. tuberculae and S. enterica respectively, inhibits phosphoinositide-2-phosphate 
and phosphoinositide-3,5-phosphate respectively, which interferes with endosomal 
protein sorting process. HIV when in multivesicular body hijacks the endosomal 
sorting complexes required for transport (ESCRT) protein complex and releases as 
exosome by fusion of the vesicle with cell membrane instead of meeting with the 
lysosome [84]. Moreover, pathogens including M. tuberculosis, M.  Leprae, and 
HIV prevent phagolysosomal fusion by luminal acidification of phagosome and 
activation of lysosomal hydrolase by preventing the conversion of Rab family pro-
tein [85].

Drug-delivery strategies for endolysosomal escape try to mimic one or more of 
the natural mechanisms exhibited by pathogens by the approaches elucidated in the 
following text.

• Fusogenic peptides
Fusogenic peptides are hydrophobic glycine-rich amino-terminal peptides with 
either α- or β-conformation with an N-terminal fusogenic moiety and C-terminal 
helical membrane anchor [86]. Upon contact with the endosomal membrane, they 
change their conformation from energetically downhill to penetration and kineti-
cally unfavorable fusion with the membrane-phospholipid bilayer, leading to dehy-
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dration of lipid headgroup and possible pore formation in the membrane [87]. 
Fusogenic peptides, due to their membrane penetration coupled with binding ability 
to DNA, have been widely explored for gene delivery. Various lysine- and arginine-
rich peptides with membrane destabilization property can be utilized as fusogenic 
peptides. Fusogenic hemagglutinin-derived peptides including DiINF 7, INF 6 or 
KALA, GALA, and JTS1 with amphiphilic and fusogenic property may lead to 
endolysosomal escape [88–90]. For instance, DiINF 7 which at low pH may induce 
membrane destabilization by conformational changes and protonation has been uti-
lized for endolysosomal escape [88]. Sabrina Oliveira et al. conjugated fusogenic 
peptide diINF-7 to siRNA for improving its cellular uptake and cytosolic deliv-
ery [91].

• Cationic ligands
The membrane of late endosome is enriched with anionic bis(monoacylglycerol)
phosphate. Cationic moieties like lipids and cell-penetrating peptides including TAT 
and penetratin enable membrane fusion due to ionic interaction. This coupled with 
enhanced permeation, leading to leaky membrane, permits cytosolic delivery [92]. 
Cationic lipid-based nanoparticles could bind with the anionic membrane of endo-
some, leading to enhanced cytosolic delivery by membrane destabilization [93]. For 
instance, cationic lipid (DLinKC2-DMA)-based siRNA nanoparticles led to effec-
tive GAPDH silencing in spleen and peritoneal cavity after intravenous administra-
tion [94]. Cationic lipoprotein-derived SLN incorporating PEG-c-MET siRNA 
could efficiently deliver siRNA to glioblastoma due to endosomal escape property 
of cationic SLN [95].

• Pore-forming agents
The formation of pore within the endosomal membrane depends on membrane ten-
sion which governs the pore opening and line tension which governs the closing of 
pore. Pore formation within the endosomal membrane follows the barrel- stave or 
toroidal models. Cationic amphiphilic peptides leads to increase in membrane ten-
sion by orienting in the lipidic membrane and forming stave which on aggregation 
forms a barrel-like structure perpendicular to the lipidic membrane to form a hole 
[96]. For instance, spontaneous membrane translocating peptide (SMTP) delivers 
fluorescent TAMRA dye to the cytosol by pore-forming property of the peptide 
[97], or frog-derived magainin peptide also possesses the pore-forming ability [98].

• Proton sponge effect
It involves inclusion of high buffering capacity substances with pKa lying between 
physiological and lysosomal acidic pH, wherein protonation leads to high inflow of 
ions and water resulting in bursting of the endosome causing cytosolic delivery. 
Tertiary amine-containing polyethylene imine, histidine- containing moieties, and 
polyamidoimine nanoparticles may be protonated due to amine groups [96]. For 
instance, PAMAM saporins led to enhanced cytotoxicity of saporins by 14- and 
11-fold in Ca9-22 and KJ-1 cells, respectively, compared to free saporins due to 
proton sponge effect elicited by PAMAM enhancing cytosolic delivery of sapo-
rins [99].
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5.1.3  Miscellaneous Approaches

Lipid nanocarriers exhibit cytosolic delivery of drugs by fusion of lipids with cell 
membrane via lipid-raft pathway [100]. For instance, αvb3 integrin-linked liquid 
perflurocarbon emulsion showed deposition of nanoparticles on plasma membrane. 
Further, cell uptake studies in C32 cells under biochemical energy depletion (4 °C, 
in presence of filipin) revealed that the accumulation of nanoparticles on plasma 
membrane was maintained but the cytoplasmic delivery of drug was reduced [101]. 
Fusogenic lipids exhibited cytosolic delivery of drugs by fusion or destabilization of 
nanoparticles due to phase transition of lipids at acidic pH. Similarly, fusogenic 
peptides including KALA-, GALA-, and INF-7-conjugated nanoparticles enabled 
cytosolic delivery of drugs by endosomal destabilization of nanoparticles [74, 102]. 
Plasmid DNA-encapsulated phosphatidylcholine and phosphatidylethanolamine 
liposomes with different surface density of R8-arginine were internalized via mac-
ropinocytosis and avoided endosomal degradation [77]. Irregular-shaped nanocarri-
ers have also shown enhanced cytosolic delivery of drugs via endosomal rupture. 
For instance, Zhiqin Chu et al. reported negatively charged prickly nanodiamonds 
(100 nm) of irregular shape for gene delivery to cytosol due to rapid rupturing of the 
endosomal membrane [103].

5.2  Mitochondrial Delivery

Mitochondria are also an important site for delivery of therapeutic agents in cancer 
and infectious diseases. Specialized anatomical mitochondrial features including 
highly hydrophobic and porous outer membrane, tightly packed hydrophobic inter-
nal mitochondrial membrane, and negative charge (−160 to −180 mV) due to the 
presence of cardiolipin and the electron transport chain provide opportunities for 
nanocarrier-based targeting to mitochondria. Triphosphonium ion (TPP, 10 μM) has 
been used as ligand for targeting to mitochondria due to its lipophilic and delo-
calized cationic charge. Similarly, dequlinium ion has also been reported for 
 mito chondrial targeting. For instance, 4-carboxybutyl triphenylphosphonium bro-
mide-conjugated glycolated micelles showed enhanced drug concentration in mito-
chondria of cancer cells [104]. Similarly, TPP-modified polyethyleneglycol (PEG) 
and poly-ℇ-caprolactone micelles exhibited enhanced mitochondrial delivery of 
Gambogic acid in A549 cell line [105]. Small mitochondrial-penetrating peptides 
like gramicidin sequence, Szeto Schiller peptides, P11LRR, and octaarginine (R8) 
also served as mitochondria-targeting ligands. Mitochondrial-localizing sequence 
(MLS) peptide-conjugated PEGylated folic acid-decorated nanodiamonds (MLS- 
FA- PEG-ND) displayed mitochondrial delivery of DOX in cancer cells. These 
MLS-conjugated nanodiamonds exhibited endosomal escape to release nanodia-
monds in the cytoplasm which was further delivered to mitochondria [106].
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Several nanocarriers including liposomes [107], polymeric nanoparticles [108], 
and inorganic nanoparticles [109] have been investigated for mitochondrial 
 targeting. For instance, DOX-loaded MITO-porter liposome containing 1,2-dioleoyl-
sn- glycero-3-phosphatidylethanolamine (DOPE), sphingomyelin (SM), and choles-
terol (Chol) in 9:2:1 ratio 1,2-distearoyl-sn-glycero-3-phosphoethanolamine 
(DSPE) and stearylated octarginine (STR-R8) localized in the mitochondria while 
free DOX and unconjugated DOX liposomes accumulated in the nucleus [110]. 
Dual-targeting triphenylphosphine- and folic acid-conjugated mesoporous silica 
nanoparticles for mitochondrial targeting exhibited selective uptake in the mito-
chondria of cancer cell lines. Further cell uptake was doubled when nanoparticles 
were conjugated with folic acid alone and triplicated when both folic acid and TPP 
were co- conjugated on mesoporous silica nanoparticles [111].

5.3  Nuclear Delivery

DNA and proteins present in the nuclear matrix are targets for many anticancer 
drugs. For instance, fludarabine phosphate which blocks DNA replication by inhib-
iting RNA primer and Okazaki fragments, VM-26 or m-AMSA specifically targets 
nuclear matrix-associated topoisomerase-II [112]. Integrase inhibitors like raltegra-
vir, dolutegravir, and elvitegravir need to be translocated to the nucleus to elicit their 
anti-HIV effect. Therefore, selective nuclear delivery of these agents to diseased 
cells is the need of the hour. Several drug-delivery strategies employ virus-derived 
peptides including Tat and KKKRKV peptide conjugated to nanocarriers, lipo-
plexes, polyplexes, and pH-sensitive nanoparticles for nuclear targeting of nano-
carriers [113]. Hexapeptide (anti-HIV peptide)-bound Tat-conjugated gold 
nanoparticles located in the cytoplasm and perinuclear region of TZM-b1 cells 
[114]. The ability of Tat-conjugated nanoparticles for nuclear drug delivery was 
found to be dependent on particle size, with nanoparticles (25–50 nm) exhibiting 
enhanced nuclear delivery. Tat peptide conjugated to MSN enhanced cellular uptake 
in HeLa cell lines compared to free DOX and DOX-MSN with enhanced nuclear 
delivery while free DOX and DOX-MSN were observed near the periphery [115]. 
Similarly, dual-targeting strategy was observed for hydrophobic HA2 membrane 
fusion peptide-grafted hydroxypropyl methacrylate (HPMA) copolymeric micelles 
of peptide H1-conjugated retinoic acid. Lysosomal destruction by HA2 peptide 
enabled cytosolic delivery of micelles, which were then directed to the nucleus due 
to retinoic acid [116]. 2,3-Dimethylmaleic anhydride (DA)-Tat peptide-decorated 
micelles of polyethylene glycol and poly-ℇ-caprolactone displayed long circulation 
as the positive charge of Tat peptide was masked by dimethylmaleic anhydride. In 
the acidic environment of the cell, the negative charge was again converted to posi-
tive charge and micelles elicited nuclear uptake [117].
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5.4  Endoplasmic Reticulum and Golgi Apparatus Targeting

The endoplasmic reticulum is a subcellular organelle which functions to maintain 
protein folding, homeostasis, and calcium balance. The Golgi apparatus is actively 
involved in protein trafficking of folded proteins [118, 119]. Many proteins of 
M. hominis are located in endoplasmic reticulum which can be targeted to inhibit 
initiation of cancer [120]. New anticancer drugs like Tunicamycin, Thapsigargin, 
and Brevefeldin A are known to regulate endoplasmic reticulum homoeostasis 
[121]. HIV-1 virus causes downregulation of CD4 receptors with the aid of Vpu 
protein and endoplasmic reticulum-associated degradation machinery [122]. 
Therefore, delivery of therapeutic agents specifically to endoplasmic reticulum and 
golgi apparatus along with other subcellular organelles like cytoplasm, nucleus, and 
mitochondria could be an important strategy in treatment of cancer and infectious 
diseases.

Various strategies including inorganic nanoparticles [123], surface-modified 
polymeric nanoparticles [124], and peptide drug conjugates [125] have been inves-
tigated for targeted drug delivery to endoplasmic reticulum and golgi apparatus. 
Meng Ya Chang et al. exploited gold nanoparticles coupled with radiation therapy 
as a strategy for treatment of cancer wherein inorganic gold nanoparticles were 
localized in the endoplasmic reticulum and golgi apparatus in B16F10 radiosensi-
tized melanoma cells after 20 h [126]. Using small sequence peptide-conjugated 
nanocarriers is another important strategy which has been reported for endoplasmic 
reticulum and golgi apparatus targeting. For instance, peptide (KAAAAK)-
decorated PLGA nanoparticles showed enhanced concentration in endoplasmic 
reticulum compared to unconjugated PLGA nanoparticles in DC2.4 cells [124]. 
Interleukin-2 (IL-24) conjugated to Tat peptide and endoplasmic reticulum-specific 
peptide (KDEL (lys-asp-glu-leu)) revealed enhanced cellular uptake as compared to 
IL-24 and Tat, wherein Tat peptide facilitated cellular entry and KDEL enabled 
enhanced endoplasmic reticulum concentration of interleukin in T24, MCF-7, 
H460, and NHLF cells. Furthermore, TAT-IL-24-KDEL was found to be present in 
endoplasmic reticulum after 12 h in cancer cells [125].

6  Physicochemical Properties of Nanocarriers on Cellular 
Internalization

Physicochemical properties of nanocarriers exert a huge impact on targeting to 
desired sites. Their in vivo disposition can be tailored for specific needs dictated by 
the targeting objective. The physicochemical properties can play an important role 
at every stage during the receptor-mediated endocytosis process. The various prop-
erties and their implications in targeted drug delivery are discussed in the follow-
ing text.
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6.1  Particle Size

Particle size exerts a strong impact on nanoparticle-cell interaction forces involved 
in the endocytosis. In case of non-specific adhesion of the nanoparticles to the cells, 
bending energy, adhesion energy, and membrane deformation energy play a signifi-
cant role. Bending energy is independent of nanoparticle size, while adhesion 
energy and membrane deformation energy are strongly dependent on particle size 
and define the lower limit of size which is required for endocytosis. Nanoparticles 
below the radius of 5  nm cannot be internalized by endocytosis. However, such 
small particles could be endocytosed after agglomeration in clusters due to effective 
increase in size. On the other hand, upper size limit depends upon wrapping energy 
during the nanoparticle-cell interaction and could be of the same length scale of the 
cell, whereas, in case of specific nanoparticles-cell interaction, chemical energy 
released from ligand-receptor pair and receptor density bound to the nanoparticle 
surface is affected by the size. Some reports suggest that particle size of around 
30–50 nm would be optimal for receptor-mediated endocytosis. Lower particle size 
nanoparticles (<30 nm) would lead to inefficient interaction with cell membrane 
receptors, while higher particle size (70–240 nm) would lead to inefficient mem-
brane wrapping causing inefficient endocytosis [127].

Phagocytosis is enhanced upon increase in particle size of nanocarrier. Generally, 
particle size >500 nm is highly prone to phagocytosis [128]. Therefore, for targeting 
to tumor and other infectious sites, particle size of nanocarrier is carefully designed 
to avoid the reticuloendothelial system (RES) [129]. Although higher sized nanopar-
ticles (>500 nm) are phagocytosed, the effectiveness decreases proportionally with 
increase in particle size. This could be correlated with the higher binding energy 
involved in nanoparticle and receptor binding as well its release [127].

Clathrin-mediated endocytosis is more prominent for nanoparticles <200  nm, 
while nanoparticles between 200 and 500  nm predominantly internalize via 
caveolae- mediated endocytosis. Therefore, 30–500 nm particle size is favorable for 
drug delivery to subcellular organelles except lysosome [130]. If the flexibility with 
respect to size of clathrin and caveolae is compared, caveolae can internalize 
nanoparticles with size greater than their own diameter but the uptake efficiency 
decreases with increase in particle size. For instance, it was observed that a number 
of BSA-coated nanoparticles per caveosome decreased in ascending order of parti-
cle size, namely 20 nm > 40 nm > 100 nm in bovine lung microvascular endothelial 
cells [57]. However, lower particle size aided in better penetration to subcellular 
organelles, including endoplasmic reticulum, golgi apparatus, and nucleus, while 
bigger size particles localized in the cytoplasm [131].

Further, although nanoparticles remain stable in buffered saline, they tend to 
aggregate in blood serum [132]. The interaction of aggregated nanoparticle with the 
cellular membrane depends on the cell type. For instance, transferrin-coated gold 
nanoparticles (26, 49 and 98  nm) when aggregated in presence of blood serum 
depicted 25% lower uptake compared to their non-aggregated counterparts in HeLa 
and A549 cells. However, in MDA-MB-435 cells, the uptake of 98 nm aggregated 

D. H. Surve et al.



29

nanoparticles was enhanced compared to non-aggregated. This is attributed to 
receptor-mediated uptake in HeLa and A549 cells and entry through other pathways 
in MDA-MB-435 cell lines [133].

In general, nanocarriers <100 nm are considered optimal for delivery in cancer 
and nanocarriers >200 nm for delivery to the RES.

6.2  Stealth

The innate defense system of the body is the RES or the mononuclear phagocytic 
system (MPS). Nanoparticles which enter into the systemic circulation are opso-
nized and recognized by the opsonic receptors present on the phagocytes leading to 
their phagocytosis [134, 135]. In order to escape RES, the nanoparticles may be 
surface-modified to increase their hydrophilicity and impart neutral charge. Such 
surface modification which enables nanocarriers to resemble water bodies and 
thereby escape RES detection is called stealth [134].

Polyethylene glycol (PEG) is among the first stealth agents successfully 
employed in the design of stealth liposomes that are currently marketed; for exam-
ple, Doxil-PEGylated doxorubicin liposomes. The stealth property of coated 
nanoparticle depends on conformation, thickness, flexibility, and amphiphilic nature 
of PEG. PEG with conformation in between mushroom and brush-like appearance 
and coating thickness of 10% could impart stealth properties to nanoparticles [136]. 
However, PEGylation can lead to steric repulsion of opsonins to enhance the circu-
lation time of nanoparticles in the blood. Limitations include highly polydisperse 
nature of PEG, anti-PEG immunological response [137], and inability to escape 
endolysosomal fusion [138]. The detection of the PPES syndrome [139], a severe 
toxicity, in patients raised numerous questions on the safety of PEG. Stealth agents 
as alternatives to PEG are listed in Table 1.3.

Table 1.3 Stealth agents for nanodrug delivery

Agent Reference

Hydrophilic polymers Poloxamine polyoxazolines [140]
Poly(aminoacids) [141]
N-(2-hydroxypropylmethacrylamide) [142]
Polybetaines [143]
Poly (glycerols) [144]

Polysaccharides Dextran [145]
Heparin [146]
Chitosan [147]
Hyaluronic acid [108]
Pullulan [148–150]
Arabinogalactan [151]
Polysaccharide combinations [152, 153]
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In addition to imparting the stealth properties, heparin can inhibit angiogenesis, 
tumor growth, and metastasis, while cationic nature of chitosan could facilitate 
receptor-mediated endocytosis [154]. RBC-mimicking vesicles and exosomes have 
been investigated as next-generation stealth vehicles [155]. In a combination of chi-
tosan and erythrocyte vesicles, the erythrocyte coat enabled longer circulation half- 
life and polymeric nanoparticles contributed to high drug loading [156]. 
Erythrocyte- coated polymeric nanoparticles as delivery vehicle to increase the resi-
dence time of the nanoparticles in the blood are called as CD47 self-marker camou-
flaging system.

Stealth property of nanocarriers coupled with small particle size could result in 
longer circulation of nanoparticles due to phagocytic escape, enabling access to 
tumor vasculature. Nanocarriers due to their small size can gain access to tumors 
through the leaky vasculature and be retained by the tumor due to “enhanced perme-
ation and retention (EPR)” effect. Furthermore, stealth nanoparticles attached with 
ligands undergo receptor-mediated endocytosis due to the ligand. Ligands for spe-
cific receptors attached to PEG chain support an energetically favorable conforma-
tion during membrane bending, receptor binding, and internalization [157]. More 
importantly, imparting nanocarriers with stealth is a vital requirement to ensure 
their availability at the receptor site, especially for non-RES targeting using the 
receptor-mediated targeting approach.

6.3  Shape

Recently, particle shape, in addition to particle size and surface morphology, has 
been an avenue of interest for desired intracellular delivery [158] The particle-cell 
adhesion and strain energy for surface wrapping which determine cellular internal-
ization are widely dependent on particle shape. Elongated nanoparticle can bind to 
the cell membrane in rocket position or submarine position, both of which require 
reorientation of the particle for complete wrapping and endocytosis. This requires 
more energy which is unfavorable. Hence, elongated nanoparticles are endocytosed 
to lesser extent compared to spherical nanoparticles [159]. Due to lesser strain 
energy required for internalization of nanodisc compared to nanorod, polyethylene 
glycol diacrylate nanodiscs were internalized in human umbilical vascular endothe-
lial cells (HUVEC) up to 40–60% compared to nanorods [160]. Further, spherical 
gold nanoparticles of 74 and 14 nm were internalized more via receptor-mediated 
endocytosis compared to rod-shaped nanoparticles [161]. Cell uptake studies in 
MDM cell lines of NanoART, that is, crystalline indinavir, atazanavir, efavirenz, 
and ritonavir, showed enhanced uptake of polygonal spheroid as well as rod-shaped 
particles up to 8 h, which were retained in MDM cell lines until 15 days. Spherical- 
shaped indinavir nanosuspension and ritonavir thick rod were endocytosed within 
4 hours while thin rods and ellipsoids of atazanavir and efavirenz took longer time 
up to 8 hours [162]. The differential uptake was correlated with the energetically 
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favorable membrane wrapping and endocytosis depending upon the shape and sur-
face area.

6.4  Hydrophobicity

Hydrophobic nanoparticles can interact with and rearrange the cellular membrane 
lipids, thereby leading to their rapid cellular internalization. Hydrophilic nanopar-
ticles, on the other hand, exhibit RES bypass due to incomplete wrapping of the 
cellular membrane over the nanoparticles due to the higher energy barrier compared 
to hydrophobic nanoparticles [163]. Furthermore, hydrophobic nanoparticles pre-
dominantly internalize via phagocytosis due to adsorption of opsonins which exhibit 
high affinity for phagocytic receptors [164]. Nevertheless, small hydrophobic nano-
carriers could be leveraged to enable their penetration within the cell nucleus, as 
demonstrated with pH-sensitive siRNA diblock polymeric nanoparticles consisting 
of dimethyl aminoethyl methacrylate with hydrophobic core and self-assembling 
property [165]. Further, caveolae-mediated endocytosis is also enhanced with 
increase in hydrophobicity of nanoparticles. Polyelectrolyte-modified nanoparticles 
with poly(styrene sulfonate) (log P − 1.211) exhibited enhanced endocytosis com-
pared to poly(acrylic acid) (Log P −  2.227) and poly(vinyl sulfonic acid) (Log 
P − 3.283) [166].

6.5  Surface Charge

Charge on nanoparticles can enhance their interaction with cell membranes and 
increase their cellular uptake [167], depending on the cell type [168, 169]. In a 
study, positively charged nanoparticles exhibited higher macrophage uptake as 
compared to neutral or negatively charged nanoparticles after opsonization with 
mouse serum [175]. Further, positively charged particles can demonstrate both 
phagocytic and nonphagocytic uptake into cell lines [170–173]. Further, protein 
adsorption studies of cerium oxide nanoparticles as a function of their zeta potential 
revealed lower protein adsorption on anionic nanoparticle compared to cationic, and 
hence enabling RES bypass and enhanced cellular uptake in lung cancer cells [174].

Negatively charged nanoparticles can also increase interaction with phagocyte 
cell membrane leading to increased phagocytosis [175]. Negatively charged 
nanoparticles internalize via scarce cationic sites on plasma membrane by nonspe-
cific binding and clustering of nanoparticles by endocytosis [167]. In vivo biodistri-
bution studies in mice bearing SKOV-7 human ovarian cancer xenograft revealed 
that negatively charged nanoparticles (+/− 0 to 17) were highly concentrated in 
cancer cells but highly negative or positive charged nanoparticles (> +/−17) were 
concentrated in the liver due to reticuloendothelial cell uptake [176].
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6.6  Elasticity

Particle elasticity as a property for cellular internalization revealed that stiffer par-
ticles are easily phagocytosed compared to flexible nanoparticles. Therefore, flexi-
ble nanoparticle can exhibit long circulation enabling target-specific drug delivery 
[177]. Flexible nanoparticles would escape phagocytes and therefore provide great 
opportunity for targeted delivery in cancer therapy [178].

The summary of impact of physicochemical properties of nanocarriers on cellu-
lar internalization is presented in Table 1.4.

7  Conclusion

Targeted drug delivery is a promising field particularly in expanding the horizons of 
nanomedicine. Harnessing nanocarriers for specific targeted therapies can be 
achieved using the receptor-mediated endocytosis approach. A clear understanding 
of different approaches to deliver nanocarriers intracellularly, in particular the 
receptor-mediated approaches, were the major objective of this chapter. The subse-
quent chapters discuss various receptors associated with major cancers and infec-
tious diseases and comprehensively address the receptor along with aspects 
important to relate the receptor to targeted delivery of drugs and drug-loaded nano-
carriers. Through these chapters, the gamut of possibilities of targeted delivery via 
receptor-mediated endocytosis are elucidated.

Table 1.4 Impact on physicochemical properties of nanocarriers on cellular internalization

Property Drug Agent/nanosystem Study outcome Reference

Stealth Polycationic 
DNA

PEGylated liposome The liposomes escaped 
the phagocytes and 
accumulated in tumor 
vasculature with lower 
liver uptake

[179]

Adriamycin Biotinylated pullulan 
acetate self-assembled 
nanoparticles

The nanoparticles 
accumulated at the 
tumor site by EPR 
owing to small size 
(80 ± 46–123 ± 83 nm)

[180]

Shape – Rod-shaped gold 
nanoparticles

10- to 40-fold higher 
uptake in A549 and 
HeLa cancer cell lines

[161]

– TAT-peptide- 
functionalized gold 
nanostars

Enhanced anticancer 
effect in BT549 breast 
cancer cells following 
internalization via 
lipid-raft 
macropinocytosis 
pathway

[181]

(continued)
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Table 1.4 (continued)

Property Drug Agent/nanosystem Study outcome Reference

Hydrophobicity Zidovudine Hydrophobic PLA 
nanoparticles

Efficient phagocytosis 
via polymorphonuclear 
leucocytes

[175]

Pentenyl 
isoniazid 
and 
rifampicin

Hydrophobic PLGA 
nanoparticles

Sixfold increased 
therapeutic efficacy 
compared to free drugs

[182]

Surface charge – Anionic citrate surface- 
modified gold 
nanoparticles

Enhanced phagocytosis 
as compared to 
unmodified 
nanoparticles

[167]

Rifampicin PEI-coated cationic 
mesoporous silica 
nanoparticles

Enhanced efficacy 
against Mycobacterium 
tuberculosis in THP-1 
cell lines attributed to 
the cationic nature of 
PEI which aided higher 
macrophage uptake

[170]

– Positively charged 
cholanic acid-modified 
glycol chitosan 
nanoparticles

Enhanced uptake in 
HeLa cells via both 
clathrin- and caveolae- 
mediated pathway

[171]

– Positively charged 
mesoporous silica 
nanoparticles surface- 
modified with 
N-trimethoxysilylpropyl- 
N,N,N- 
trimethylammonium 
chloride

Clathrin- and actin- 
dependent cellular 
uptake of nanoparticles 
in 3 T3-L1 and human 
mesenchymal cells

[172]

– Cerium oxide 
nanoparticles

Lower protein 
adsorption on anionic 
nanoparticle compared 
to cationic, enabling 
RES bypass and 
enhanced cellular uptake 
in lung cancer cells

[174]

Elasticity – Nanolipogel Significantly enhanced 
tumor targeting in 
human breast cancer 
cells MDA-MB-231 and 
MCF-7 compared to the 
nonelastic counterpart

[178]
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Chapter 2
Brain Cancer Receptors and Targeting 
Strategies

Rijo John, Heero Vaswani, Prajakta Dandekar, and Padma V. Devarajan

Abstract Brain cancer is regarded as the most widespread cancer of the central 
nervous system. The complexity of the glial cell tumor renders the survival and 
prognosis of glioma difficult, even after conventional chemotherapy, radiotherapy, 
and surgery treatments. The major concern is the formidable blood–brain barrier 
(BBB) that guards the entry of all exogenous moieties into the brain. This chapter 
addresses in brief the various approaches to bypass the BBB. Among different strat-
egies, receptor-oriented drug delivery takes advantage of receptors on the BBB to 
traverse into the brain and if appropriately designed can enter the cancer cells 
through receptors overexpressed on their surface. This chapter will also summarize 
the various receptors, their physiology, ligands for the receptor, and drug-delivery 
strategies that could improve brain cancer therapy.

Keywords Brain cancer · Receptor-mediated endocytosis · Low-density 
lipoprotein · Integrin · Interleukin · Lactoferrin

Abbreviations

ADC Antibody–drug conjugate
ADMIDAS Adjacent to MIDAS
AP1 CRKRLDRNC peptide
Apo B Apolipoprotein B

Rijo John and Heero Vaswani are equally contributed to this work.

R. John · H. Vaswani
Department of Pharmaceutical Sciences &Technology, Institute of Chemical Technology, 
Matunga, Mumbai, India

P. Dandekar · P. V. Devarajan (*) 
Department of Pharmaceutical Sciences, Insitute of Chemical Technology, Deemed University, 
Elite Status and Centre of Excellence, Government of Maharashtra, Mumbai, India
e-mail: pv.devarajan@ictmumbai.edu.in

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-29168-6_2&domain=pdf
mailto:pv.devarajan@ictmumbai.edu.in


46

Apo E Apolipoprotein E
AQP4 Aquaporin-4
BBB Blood-brain barrier
BSA Bovine serum albumin
CNS Central nervous system
DHA Docosahexaenoic acid
DNA Deoxyribonucleic acid
DOX Doxorubicin
EGF Epidermal growth factor
EGFR Epithelial growth factor receptor
EPR Enhanced permeability and retention
GBM Glioblastoma
IC50 Half-maximal inhibitory concentration
IL Interleukin
IL-13Rα2 Interleukin-13 receptor subunit alpha-2
IL-2Rγc Interleukin-2 receptor common gamma chain
Kd Dissociation constant
LDH Lactate dehydrogenase
LDL Low-density lipoprotein
LDLR Low-density lipoprotein receptor
Lf Lactoferrin
LfR Lactoferrin receptor
LRP Low-density lipoprotein receptor-related protein
MIDAS Metal ion-dependent adhesion Site
mPEG Methoxy polyethylene glycol
MTT (4,5-Dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
NPs Nanoparticles
PE Paired end
PEG Polyethylene glycol
PI3 kinase Phosphoinositide-3-kinase
PLA Poly lactic acid
PTX Paclitaxel
RAP Receptor-associated protein
RGD Arginine–glycine–aspartic acid
RNA Ribonucleic acid
STAT 6 Signal transducer and activator of transcription 6
Tf Transferrin
TPGS D-ɑ-tocopheryl polyethylene glycol succinate
VLDLR Very low-density lipoprotein receptor

1  Introduction

Brain cancers, the uncontrolled growth of cells in brain, are among the most feared 
malignancies owing to their fast development and poor diagnosis. These are either 
primary or secondary metastasized. Primary brain cancers arise from a single brain 

R. John et al.



47

cell type and most common are gliomas, meningiomas, medulloblastomas, and pri-
mary central nervous system (CNS) lymphomas [1]. Metastatic brain cancers origi-
nate from cancerous cells that are transported through the blood stream from distant 
areas located in other regions of the body. Although efforts in drug discovery have 
resulted in newer drugs for glioma, crossing the blood–brain barrier (BBB) consti-
tutes the major limiting factor in the effective treatment of brain cancers. This sec-
tion describes the BBB and discusses briefly the different opportunities of crossing 
the same. A specific focus is the endocytic pathway through the receptors on the 
BBB and the various strategies for targeting drugs and drug-loaded nanocarriers 
into the brain by receptor-mediated endocytosis.

2  Blood–Brain Barrier

The blood–brain barrier is a discriminating barrier endowed with the ability to block 
about 98% of molecules with low molecular weight and almost 100% of larger 
molecules [2]. The endothelial cells of brain capillary with the interspersed tight 
junctions, supported with basal lamina, pericytes, and astrocytes regulate the trans-
port of all molecules across the brain [3]. This ensures adequate delivery of nutri-
ents and other endogenous moieties while restricting delivery of foreign substances. 
The interface between blood and brain constitutes the brain endothelium that is 
interspersed with tight junctions formed by intimate connection of the endothelial 
cells and astrocytes. .These tight junctions serve as gatekeepers for the paracellular 
pathways through the BBB. The endothelial lining consists of two discrete sides, the 
abluminal (brain side) and luminal (blood side). Abluminal side is supported by 
pericytes which are attached at irregular intervals and is surrounded by the basal 
lamina (30–40 nm) comprising proteoglycans, type IV collagen, fibronectin, lam-
inin, heparin sulfate, and other matrix proteins which are extracellular. The basal 
lamina is closely linked with the astrocytes end feet. These collectively constitute 
the protective BBB which prevents the transport of molecules from the luminal por-
tion to the abluminal portion and into the brain [4]. The astrocytes end feet play a 
crucial role in regulating the BBB permeability. However, there are a number of 
pathways through the BBB that allow vital compounds to be transported into the 
brain [5]. These are discussed in brief and schematically depicted in Fig. 2.1.

2.1  Transport Mechanisms across Across the Blood–Brain 
Barrier

2.1.1  Transport of Water, Ions, and Nutrients

The movement of water in the brain is regulated through Aquaporin-4 (AQP4) mem-
brane channels which help in osmotic regulation. The transport of ions across the 
BBB is generally through ion channels. Optimal ion concentrations are important to 
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maintain proper environment for synaptic and neural function. Astrocytes play a sig-
nificant role in maintaining the blood–brain barrier (BBB) by ensuring ion homeo-
stasis and monitoring metabolism of the amino acid neurotransmitters, as well as 
assisting neurons with their energy and nutrient requirements [6].

2.1.2  Paracellular Transport

Paracellular transport is a mechanism by which transport of small molecules occurs 
across the endothelial cell. By this way, it bypasses a group of substrate-specific 
transport systems that are designed to mediate transport across the BBB [7]. The 
transport of gaseous molecules like O2 and CO2 along with some smaller molecules 
having sufficient hydrophilicity and lipophilicity such as ethanol and caffeine can 
occur via paracellular pathway. The entry of larger molecules is limited by this 
mechanism [8]. Some strategies reported to enhance the paracellular transport of the 
drug molecule include chemical or physical modification, alteration of 
 physicochemical properties, and the use of compounds modulating tight junctions 
such as surfactants and chelating agents [9].

a

Transport
of water,
ions and
nutrients

Water
soluble
agents

Lipid
molecules

Paracellular
Transport

Transcellular
Diffusion

Carrier
mediated
transport

Receptor
mediated
endocytosis

Adsorptive
transcytosis

Ion
channel

Tight
junction

Brain

Blood

Endothelial cell

Astrocyte Astrocyte Astrocyte

Glucose,
Amino acids

Plasma
proteins

Targeting
moieties

Receptor
eg;Integrin

b c d e f

Fig. 2.1 Transport mechanisms across the blood–brain barrier

R. John et al.



49

2.1.3  Transcellular Diffusion

The transport of drugs or endogenous molecules by transcellular diffusion is a pro-
cess dependent on concentration gradient, allowing a wide range of low molecular 
weight lipophilic molecules to cross the BBB based on Lipinski’s rule [10]. Two 
important criteria governing this transport are the lipophilicity (Log P between −0.2 
and 1.3) and molecular mass (<400 Da) of the compound. Lipophilicity is directly 
proportional while molecular weight is inversely proportional to the transport of 
drug across BBB [11]. Other factors that can influence the diffusion of drug across 
the BBB are the ionization, shape, protein complexation, and hydrogen bonding 
[12]. Significant limitations of transcellular diffusion have demanded alternative 
strategies for transport of drugs across the BBB.

2.1.4  Carrier-Mediated Transport

Carrier-mediated efflux is critical for exchange of nutrients, neurotransmitters, and 
metabolites crossing the BBB. These carriers belong to the Solute Carrier (SLC) 
superfamily of transporters which are accountable for the transport of specific sub-
strates. Some carriers are very selective in their stereochemical substrate require-
ments, such as glucose transporter type 1 for glucose, monocarboxylic acid 
transporter 1 for monocarboxylic acids, and for large neutral and cationic amino 
acids, the large neutral amino acid transporter I and cationic amino acid transporter 
I, respectively. The highest carrying capacity is shown by hexose and large neutral 
amino acid carriers which can serve as effective transporters of cargo to the 
brain [13].

2.1.5  Adsorptive Endocytosis

Adsorptive endocytosis involves the interaction of the ligand with the cell surface 
and is activated by electrostatic interaction with micromolecules or positively 
charged proteins with the negatively charged plasma membrane. Adsorptive endo-
cytosis is nonspecific, occurs via clathrin-mediated mode, and provides the oppor-
tunity for movement of molecules across the BBB via endothelial cytoplasm [14]. 
Cell-penetrating peptides and cationic proteins exhibit adsorptive endocytic uptake. 
The method adopts the brain endothelial cell technique for binding and absorbing 
cationic molecules from the blood vessels into the brain via molecular 
 exocytosis [15].
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2.1.6  Receptor-Mediated Endocytosis

Receptor-mediated endocytosis (RME) involves binding of transmembrane recep-
tors with ligands. These receptors are expressed on the apical plasma membrane of 
the endothelial cells. Receptors on the BBB are proteins residing on the membrane 
of postsynaptic neurons receiving neurochemicals released by brain cells from syn-
apses. Receptors bind with neurotransmitters using a lock and key metaphor, and 
can be classified based on their location as transmembrane receptors and intracel-
lular receptors [16]. Cells with numerous receptors bind with ligands to activate or 
inhibit a specific receptor-mediated biochemical pathway. Endocytosis can occur by 
one or more of the mechanisms detailed in Chap. 1. While clathrin-mediated endo-
cytosis is the major pathway, receptors depending on their constitution may exhibit 
other pathways of internalization. The brain uptake of nutrients such as leptin [17], 
iron, and insulin [18] occurs by receptor-mediated transport mechanism. Other 
receptors present on the BBB are generally exploited for transport across BBB for 
chemotherapy of brain tumors [19]. Receptor-mediated endocytosis relies on spe-
cific and selective affinity of receptors for certain ligands which can be effectively 
utilized to target therapeutics into the brain through the BBB [20]. Nanocarriers 
have been successfully delivered using such strategies.

Once delivered inside the brain by one or more of the above strategies, nanocar-
riers can diffuse out through leaky blood vessels in tumors enabling delivery and 
concentration buildup through enhanced permeability and retention (EPR) effect 
[21]. This enables a second stage of RME, wherein nanocarriers are internalized 
into brain cancer cells through overexpressed receptors. EPR relies on pathophysi-
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ological characteristics of tumor tissue, wherein the fenestrated vasculature permits 
extravasation of materials of nanometer size. This supported by the lack of  lymphatic 
drainage aids in the enhanced and effective accumulation of nanocarriers in 
tumors [22].

3  Targeting Receptors for Brain Cancer

The BBB has many receptors which can be exploited for drugs to enter the brain. 
Figure 2.2 depicts the receptors on the BBB and those overexpressed in brain can-
cers. Interestingly, most of these receptors are overexpressed in brain cancers with 
the exception of diphtheria toxin receptor and the tumor necrosis factor receptor. 
The cascade receptor-targeting strategy is therefore appropriate for the therapy of 
brain cancers, wherein a single ligand can be used for targeting. In the first stage, the 
ligand would ensure receptor-mediated transport of drug-loaded nanocarriers across 
the BBB, and in the second stage serve as ligand for receptors, thereby boosting 
drug concentration to enhance efficacy.

Among the receptors that are majorly studied for targeted drug delivery, this 
chapter focuses on low-density lipoprotein receptor, integrin receptor, interleukin 
receptor, and lactoferrin receptor. Other receptors are explicitly discussed in other 
chapters of book and therefore not dealt with here. The ephrin, immunoglobulin, 
and insulin receptors are minimally studied and hence not considered under the 
purview of this chapter.

3.1  Low-Density Lipoprotein Receptors in Brain Cancer

3.1.1  Occurrence of Low-Density Lipoprotein Receptors

Low-density lipoprotein receptors (LDLR) along with their allied proteins 1 (LRP 
1) and 2 (LRP 2) mediate the movement of lipoproteins and ligands across the 
blood–brain barrier by receptor-mediated endocytosis. These receptors are densely 
localized in specific areas with 80% covering only 2% of the cell surface. LDLs 
such as cholesterol, tocopherol, and apolipoprotein can bind to the LDLR, located 
in the caveolae membrane fraction and go across the BBB to reach inside brain tis-
sue through caveolin-mediated endocytosis. Apolipoproteins (Apo B and Apo E) 
[23] mediate particle interaction with lipoprotein receptors including LRP1, LRP2 
and LDLR [24]. The significantly high amount of LDLR on BBB and glioma cells 
[25] is exploited to carry anticancer drugs through BBB using nanocarriers as 
vehicles.
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3.1.2  Structure and Signal Transduction of LDLR

Low-density lipoprotein receptor consists of spherical particles of 220 Å in diame-
ter having a nonpolar core of approximately 1500 molecules of cholesterol that are 
esterified by means of fatty acids like oleate and linoleate. LDLR is a transmem-
brane glycoprotein with single chain [26]. It has five distinct domains, including a 
ligand-binding domain, EGF precursor-homology domain, O-linked sugar domain, 
membrane-spanning domain, and cytoplasmic tail [27]. Receptors contain different 
endocytosis signals that mediate their interactions with the endocytic machinery, 
and these receptor cytoplasmic tails appear to bind many cytosolic adapters and 
scaffold proteins that add to signal transduction [28].

3.1.3  Recognition Domain of Low-Density Lipoprotein Receptor

The region of LDLR binding to ligand includes cysteine-rich repeats of 40 amino 
acids which are seven in number followed by EGF precursor-homology domain 
consisting of three units of EGF-like repeats of 40 amino acids. The third region, 
O-linked sugar domain, is enriched with residues of inserin as well as threonine that 
act as acceptors for O-linked sugars. A hydrophobic 24 amino acids membrane- 
spanning domain is responsible for the attachment of LDLR to the lipid bilayer. The 
cytoplasmic tail regulates the intracellular transport and endocytosis across the 
LDLR. The cysteine units located at amino terminus of receptor mediate the folding 
of each repetition into a compact structure by forming three disulfide bridges with 
the bunch of negatively loaded residues with tripeptide surface. The linkers play a 
significant role by offering the domain with flexibility to accommodate distinct size 
lipoprotein ligands. LDL particles constitute an outer phospholipid surface layer 
covered by single protein apoB-100 [29]. The surface exposing the proteins allows 
recognition of receptor by the amino acid residues and serves as LDLR binding 
domain. Intercalation of free cholesterol with chains of phospholipid fatty acids 
imparts some amount of stiffness to the outer monolayer of LDL [30].

3.1.4  Binding of Ligand and Receptor Pathway

The internalization of LDL that binds to LDLR occurs via clathrin-dependent path-
way. However, internalization of LDL particles can occur by receptor-mediated and 
receptor-independent processes. On an average, 30–40% of complete LDL plasma 
pool is cleaned from body every day, with about two-thirds of the circulating LDL 
pool removed by receptor-mediated uptake [31]. The receptor-binding sequences 
present on apoB-100 are highly cationic, while on the cell surface, complementary 
anionic sequences are present. Electrostatic interactions between them enable bind-
ing of LDL particles to LDLR implanted in clathrin-coated pits on the cell mem-
brane [27]. The ligand-binding sites in LDLR are contained in clusters, suggesting 
a functional duplication within receptor and high-affinity binding of most ligands 
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needs multiple ligand-binding repeats. Some ligands can sequentially identify dis-
tinct combinations of these repeats, while others seem to identify repeats from dif-
ferent clusters [32]. The LDL receptor carries particular macromolecules, primarily 
cholesterol-rich lipoprotein LDL, through receptor-mediated endocytosis into cells.

3.1.5  Ligands for LDLR

LDL mainly contains cholesterol (approximately 50%) in free and esterified form, 
25% proteins, 22% phospholipids, and 5% triacylglycerol [33]. Native LDL exhib-
its high affinity for LDLR; nevertheless, difficulty in isolation on large scale and 
high variability in composition and size and difficulty in purification limit its use. 
Studies on several ligands and their use to transport nanocarriers, antibodies, and 
drugs through BBB are reported [34]. Aprotinin, angiopep-2, ApoE3 mimetic, and 
p97 can be used to target LDL receptor family [35]. Targeting must preferably not 
affect receptor function, as this may result in toxicity or other side effects and 
ligands should also not be immunogenic [36]. Thus, synthetic LDL analogs pre-
pared as replacements of native LDL could have better applications.

3.2  Integrin Receptors in Brain Cancer

3.2.1  Occurrence of Integrin Receptors

Integrins are powerful heterodimeric transmembrane receptors on the cell surface 
which play a significant part in cell-to-stroma interaction. They are expressed in 
significant numbers in tumor vasculature, angiogenic endothelial cells, and tumor 
cells in gliomas. It is proposed that integrins play a major role in initiation with 
advancement in cancer [37]. In various cancers, integrins αvβ3 and αvβ5 are reported 
to be essential for angiogenesis caused by fibroblast growth factor and tumor necro-
sis factor specifically in malignant gliomas. Integrin αvβ3 is expressed in angiogenic 
endothelial cells [38]. Immunohistochemistry validation by molecular imaging 
using tracer [18F]Galacto-RGD confirmed that αvβ3 integrin expression was primar-
ily restricted to the tumor region and was absent in ordinary tissues [39]. Integrin 
plays a significant role in encouraging glioma development, invasion, and angio-
genesis, and hence can be used as a target for improving cancer therapy.

3.2.2  Structure and Signal Transduction by Integrin Receptor

Integrins are 18α and 8β subunits that are assembled into receptors. Twenty-four 
integrin receptors are recognized at different locations on nucleated cells with sepa-
rate features. Each α/β subunit comprises 1000 amino acids with a single membrane- 
spreading helix and 750 amino acids with a short cytoplasmic tail [40].
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Integrin alpha (α) subunit is formed by seven-bladed β-propellers linked to a 
thigh. The leg structures formed by a calf-1 and a calf-2 domain support the integrin 
head domain. The end three or four blades of β-propeller contain EF hand domain 
which connects calcium on the lower side facing away from the ligand-binding 
surface. Ca2+ binding to these sites allosterically affects ligand binding [41].

The integrin beta (β) subunit includes four domains, a β1 domain, a plexin sema-
phorin integrin domain (PSI), a hybrid domain and a β tail domain with four EGF 
repeats which are cysteine-rich [42]. The β1 domain also shows the presence of a 
Mg2+-coordinating MIDAS (Metal-ion-dependent adhesion site) and an adjacent 
MIDAS site (ADMIDAS) that binds a Ca2+ ion inhibitor. Binding of ADMIDAS site 
to Mg2+ ion enables integrins in the active form [41]. Integrin receptors are enzy-
matically inactive and require linkage with certain components of cell to generate 
signal transduction. The phenomena known as “outside-in signaling” is associated 
with integrins, for transducing signals within the cells after binding to extracellular 
matrix. This signaling is necessary for polymerization of actin cytoskeleton during 
cell linkage and for controlling cell migration, division, and survival. Phosphorylation 
of proteins is the first event detected in response to integrins stimulation. Other 
responses consist of cytosolic kinases induction, phosphoinositides metabolism 
stimulation, Ras/MAPK activation, and protein kinase C (PKC) pathway as well as 
regulation of Ras homologous (Rho) GTPases. Integrins have an impact on cell 
survival as it regulates programmed cell death, which is a tyrosine phosphorylation-
dependent response. The signaling pathways of integrins synergize with pathways 
of other receptors to elevate or decline signals produced by each of the receptors 
[43]. Thus, a challenging aspect here is the identification of signaling molecules that 
arbitrate cross talk between the different receptor pathways.

3.2.3  Recognition Domain of Integrin Receptor

The RGD tripeptide in ligands serves as the identification site for different integrins 
such as αv integrins, β1 integrins α5 and α8, and αIIbβ3. Some of crystal structures 
complexed with RGD ligands disclosed the same atomic essentials for interaction 
[44]. RGD shows binding on the α and β subunit interface domain where basic resi-
dues fit the cleft in the b-propeller module subunit, while cation-coordinated acid 
residue shows binding to b-I domain [45]. RGD-binding integrins are most promis-
ing among the receptor family, particularly binding β3 integrins to large amounts of 
extracellular matrix and soluble vascular ligands. While subsets of integrins share 
many ligands, the affinity order of ligand differs, probably reflecting accuracy of 
ligand RGD fit with particular α,β active site pockets.
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3.2.4  Binding of Ligand and Integrin Receptor Pathway

Integrins are known to follow multiple internalization pathways including clathrin- 
mediated endocytosis, caveolae-mediated endocytosis, and sometimes by both 
clathrin- and caveolae-mediated endocytosis. These pathways occur depending on 
factors such as the cell environment, cell condition, and cell type [46]. However, 
adhesion is extremely dynamic, with cells continually sampling their pericellular 
environment and reacting by quickly altering their position and differentiation sta-
tus, offering an extremely responsive mechanism for receptor activation. The for-
mation of explained complexes is achieved in two ways, by clustering receptors, 
which increases molecular interactions resulting in increased binding rate of effec-
tor molecules, and by inducing conformational modification in receptors that create 
or expose binding sites. Conformational regulation is generally the main mode for 
integrin regulation to affinity [47]. Thus, suitable mechanisms to convey conforma-
tional changes over a comparatively large distance between cytoplasmic tails and 
ligand-binding head domain (20 nm) are important [48].

3.2.5  Ligands for Integrin Receptors

The various ligands with their respective partner integrins include the following: 
bone sialoprotein that interacts with αvβ3 and αvβ5; collagens that interact with α1β1, 
α2β1, α11β1, and αIbβ3; fibronectin that interacts with α2β1, α3β1, α4β1, α4β7, α5β1, α8β1, 
αvβ1, αvβ3, αvβ5, αvβ6, αvβ8, and αIIbβ3; matrix metalloproteinase-2 that interacts with 
αvβ3; and plasminogen that interacts with αIIbβ3 [49].

3.3  Interleukin Receptors in Brain Cancer

3.3.1  Occurrence of Interleukin Receptors

Interleukin is a proinflammatory cytokine that promotes malignant actions by acti-
vating different cells to upregulate major oncogenic event molecules. Upregulation 
of cytokines IL-1b, IL-4, IL-6, and IL-8 are majorly observed in patient samples and 
glioma cell lines. Cell line and xenography studies hypothesize that these inflamma-
tory mediators may be valuable in brain tumor treatment. Interleukin 13 receptor 
has a key role in immune response regulation coupled with immune microenviron-
ment modulation. IL13Rα2 set a well-defined, fresh glioma therapy. Even before 
the receptor was characterized, the therapeutic advantage of IL-3-truncated PE 
fusion chimera protein (IL13PE38QQR) was identified in gliomas [50].
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3.3.2  Structure and Signal Transduction by Interleukin Receptor

The receptor consists of 2 distinct chains IL-13Rα1 and IL-13Rα2 which are paired 
with heterodimer complex IL-4Rα and IL-4Rβ forming the main IL-4 binding pro-
tein. This complex acts as a transcription factor activator. Binding triggers cell sig-
nals which lead to activation of transcription factors. Cytoplasmic areas of both type 
II receptors IL-13Rα1 and IL-4Rα chains communicate with different tyrosine 
kinases, which eventually interact with PI3 kinase and STAT6. Endocytosis is, how-
ever, triggered only by additional binding of IL-13 to the IL-13Rα2 chain, found 
only in type IL-13R. Studies showing high levels of IL-13Rα2 discovered within the 
intracellular vesicles confirmed that this form IL-13R is in endocytic conduct. In 
addition, affinity of IL-13 for IL-13Rα2 is higher when compared to IL-13Rα1. 
IL-13Rα1 activates intracellular signaling in tumor cells, endothelial cells, fibro-
blasts, and immune cells via Janus-activated kinase/signal transducers and tran-
scription pathway activators. In addition, these ILs are powerful signaling pathway 
activators that control cell survival and encourage chemotherapy resistance. 
Therefore, in conjunction with cytotoxic agents, targeting inflammatory cytokines 
in GBM microenvironment with kinase inhibitors could bring therapeutic benefits 
to patients with persistent GBM [51].

3.3.3  Recognition Domain of Interleukin Receptor

The extracellular portions of IL-13Rα1 and IL-13Rα2 are composed of three fibro-
nectin type III domains D1, D2, and D3. Each domain includes 100 amino acid resi-
dues, developing a β sandwich structure. Cysteine residues in fibronectin domain 
form two disulfide bonds that play a major role in positioning and binding of ligands 
to receptor. Domains D2 and D3 comprise the cytokine receptor homology module, 
a common structure of cytokine receptor family. However, there has been no infor-
mation about the role of D1 domain in IL-13Rα1 and IL-13Rα2 binding to IL-13 
and critical amino acids of cytokine receptor homology modules of IL-13Rα1 and 
IL13Rα2 [52]. IL13Rα2 gene encodes for a 380-amino-acid protein that consist of 
a 26-amino-acid signaling sequence and a short 17-amino-acid intracellular domain. 
This expresses about 30,000 binding sites for IL-13 in brain cancer.

3.3.4  Binding of Ligand with Interleukin Receptor Pathway

The IL-13 ligand binds at diverse cytokine receptor homology sites in IL13Rα1 
compared with IL13Rα2; and furthermore, IL13Rα1 binding requires heterodimer-
ization with IL4Rα for a high-affinity bond. A definite sequence between the glu-
tamic acid at position 9 of IL-4 and that at position 13 of IL-13 is believed to be 
involved in the binding of IL-13 to IL4Rα. IL-13 first gets bound to IL-13Rα1 chain 
through interactions involving amino acid residues namely, arginine, lysine, and 
glutamic acid on IL-13 αD helix; this interaction generates an IL-4Rα chain to bind 
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to IL-13/IL-13Rα1 complex at residues on IL-13 helices completing type II IL-13R 
formation. Once IL-13 is linked to equal receptor chains, its affinity improves dra-
matically, suggesting binding. Internalization occurs through a distinctive clathrin- 
independent endocytosis pathway. IL-13Rα2 is a membrane-bound protein with 
high affinity to IL-13. Furthermore, it was found that only interactions involving 
IL-13 and IL-13R could cause internalization owing to existence of the distinctive 
IL-13Rα2 chain of receptors [53].

3.3.5  Ligand for Interleukin Receptors

IL-13 receptors are recognized as a prospective target for glioblastoma of high 
grade. IL-13 ligands have four alpha helices of which helix D is mainly accountable 
for its IL-13Rα2 interaction. Additional mutations of arginine to aspartic acid, ser-
ine to aspartic acid, and lysine to arginine at various positions enhance specificity of 
IL-13 ligand to IL-13RA2.

3.4  Lactoferrin Receptors in Brain Cancer

3.4.1  Occurrence of Lactoferrin Receptors

Lactoferrin (Lf) plays numerous physiological roles especially in host defenses 
against infections and serious inflammation. This wide range of biological activities 
is based on Lf’s interaction with a large number of cells, which mediates the absorp-
tion of Lf into cells. It occurs not only in distinct species on the BBB, but also on 
glioma cell surface, making it a prospective cascade-targeting ligand for brain can-
cer. Lf’s adsorption is controlled by LDL, which are excessively expressed in gli-
oma cells, allowing Lf to mediate transcytosis of carriers into glioma cells.

3.4.2  Structure of Lactoferrin Receptor

Lactoferrin (Lf) is a transferrin (Tf) family mammalian cationic iron-binding glyco-
protein. It shows the presence of two identical lobes that are bound to each other by 
an extended helical loop that is a highly sensitive site for protease cleavage. 
Lactoferrin constitutes a 25 amino acid peptide that includes two cysteine residues 
connected by a disulfide bridge and also contains positively charged hydrophobic 
residues. Lf exists in iron-free form in biological fluids making them susceptible to 
proteolysis [54].
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3.4.3  Binding of Ligand and Lactoferrin Receptor Pathway

The cerebral lactoferrin receptor has two types of binding sites [55]. The endoge-
nous Lf is lower than the receptor’s peak binding constant, and hence cannot bind in 
sizeable amount to LfR receptor. It is unable therefore to competitively inhibit exog-
enous lactoferrin. LRP 1 receptor, belonging to the LDL receptor family engaged in 
internalizing and subsequent degradation of remaining chylomicron particles, 
mainly internalizes Lf. It is found that Lf is physically associated with cluster of 
differentiation 14 (CD14), lipopolysaccharide (LPS), and lipopolysaccharide- 
binding protein (LBP), which signifies interaction of Lf with accessory molecules 
involved in the Toll-like receptor (TLR4) pathway [56]. LfR located on the plasma 
membrane is responsible for the uptake of Lf through clathrin-mediated and 
caveolae- mediated endocytosis [57].

3.4.4  Ligand for Lactoferrin Receptors

The major ligand binding to LfR is lactoferrin. Thus, the different ligands of Lf are 
categorized based on the different species in which they bind to different tissues. 
These include human Lf (hLf), bovine Lf (bLf), mouse Lf (mLf), and piglet Lf 
(pLf) [54].

4  Receptor-Mediated Targeting Strategies

Developments in chemotherapy, radiotherapy, and surgery have resulted in several 
benefits for brain tumor treatment. While they have demonstrated significant advan-
tages beneficial for primary cancers, brain cancers of metastatic origin demand 
newer therapeutic options to improve survival rates and quality of life. Novel prom-
ising approaches intended for brain cancer therapy should focus on increasing drug 
accumulation at the tumor site while ensuring minimal toxic effects to other parts of 
the brain. The overexpression of different receptors as discussed above with con-
tinuous changes in tumor microenvironment and vascular characteristics are fea-
tures that can drive such developments. Among many approaches, receptor-mediated 
endocytosis which is the focus of this chapter is defined as a mature strategy for 
targeted brain delivery [58] with high specificity, affinity, and selectivity. 
Nanotechnology strategies in particular elicit great promise for receptor-mediated 
delivery [59]. The different targeting approaches are detailed in the following text.
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4.1  Prodrugs

Prodrugs are inactive molecules consisting of inert moieties generally lipophilic, 
such as fatty acids, glycerides, or phospholipids which are covalently bonded to the 
parent drug moiety. This renders the molecule the desired lipophilicity to cross the 
BBB. On reaching the brain through blood, the active agent is released by reaction 
with enzymes present on the surface of blood–brain barrier [60]. The prodrug 
approach enables delivery of hydrophilic drugs to CNS without modification in 
their pharmacological activity [61]. A lactoferrin-modified pH-sensitive prodrug 
comprising hyaluronic acid-doxorubicin exhibited highest cytotoxicity to C6 cells 
and great promise in C6 glioma-bearing nude mice model.

Different techniques are employed for prodrug targeting such as prodrugs selec-
tive for hypoxia, antibody-directed enzyme prodrug therapy (ADEPT), gene- 
directed enzyme prodrug therapy (GDEPT), and virus-directed enzyme prodrug 
therapy (VDEPT). All these strategies can be used for prodrug targeting with opti-
mized treatment of brain tumor. For greater details, readers are directed to the fol-
lowing review [62].

4.2  Antibody–Drug Conjugates

Antibody–drug conjugates (ADC) are basically antibodies linked with a cytotoxic 
drug, which allows immediate delivery of the payload to tumor cells based on the 
specificity of the targeted antibody. The critical factors in development of antibody–
drug conjugate involve the antibody, the cytotoxic drug, and linker that joins the 
other two moieties to form the antibody–drug conjugate. Antibody attached must be 
specific for an antigen which is overexpressed selectively on cancer cells in com-
parison to normal cells [63]. The conjugate must exhibit adequate stability in the 
blood to enable delivery at the target site [64]. Conjugates can be classified as either 
cleavable, where the chemical bond between drug and linking site on antibody is 
cleaved intracellularly [63] or noncleavable where the conjugate itself is released 
inside cells, and the drug released by proteolytic degradation within the cell lyso-
some [65]. The selection of optimal concentration of antibody, ideal linker, and 
optimal ratio of drug linked to the antibody are key factors to maximize efficacy of 
the conjugates [66]. Immunotoxins have generally been delivered as ADCs. The 
toxins evaluated include bacterial toxins such as diphtheria toxin, and Pseudomonas 
aeruginosa exotoxin A (PE) which are uptaken by receptor-mediated endocytosis. 
Inside the lysosomal compartments, these immunotoxins get degraded, causing the 
toxin payload to be released [67]. Studies have revealed that systemically adminis-
tered drugs are delivered in higher concentrations by the anti-EGFR ADCs in gli-
oma. Advancement in ADC technology has increased their demand in the treatment 
of patients with glioblastoma [68]. Nevertheless, because of their elevated specific-
ity, resistance to ADC is likely to occur as a consequence of tumor heterogeneity, 
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which needs to be addressed by including other strategies simultaneously in glioma 
treatment. The major benefit with ADC is their ability to cross the BBB which is a 
key requirement for promising therapeutic outcomes.

4.3  Nanocarriers for Brain Targeting

Nano-drug delivery systems have great potential for targeting drugs to brain by 
crossing BBB [69]. Various nanosystems explored are liposomes, nanoparticles, 
nanosuspensions, nanoemulsions and microemulsions, micelles, and others [70]. 
Such systems when designed to have sizes <100  nm or are surface-modified to 
escape detection by the reticuloendothelial system (RES) can reach the BBB in 
adequate concentration for delivery into the brain. The structure and characteristics 
of nanoparticles can be modified to carry active therapeutic molecules of different 
physicochemical properties that can control release pattern of drugs in the tumor 
cell [71].

4.3.1  Liposomes

Liposomes are described as a potential system for better therapeutic impacts in gli-
oma therapy. Their distinctive physicochemical features and high level of safety 
have resulted in their investigation as carriers for glioma therapy. Daunomycin on 
conjugation with monoclonal OX26 antibody-loaded PEG sterically stabilized lipo-
some had a prominent effect on the brain targeting [72]. A significant rise in distri-
bution volume at a steady state was associated with high brain tissue accumulation 
of OX26 immunoliposomes. Liposome with topotecan modified using Tamoxifen 
and wheat germ agglutinin designed for dual-targeting strategy showed a substantial 
enhancement in brain tumor-bearing rats’ general survival relative to free liposomes 
[73]. A concise summary of the liposome-based receptor-targeted therapies for 
brain cancer using other ligands is described in Table 2.1.

4.3.2  Polymeric Nanoparticles

Salient features of nanoparticles include better solubility, nanosize, greater opportu-
nities for surface modification, and multifunctionality which could increase capabil-
ity of particles to interact with cellular functions in new ways [86]. Nanoparticles 
for brain delivery have been designed to target various receptors on the BBB. In 
most cases, the cascade receptor strategy has been relied on. Table 2.2 depicts stud-
ies on ligand-mediated targeted delivery.
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4.3.3  Solid Lipid Nanoparticles and Nanostructured Lipid Carriers

Solid lipid nanoparticles comprise solid lipids and are particularly efficient in carry-
ing hydrophobic drugs. When modified with liquid lipids to enhance drug loading 
and improve stability, they are called as nanostructured lipid carriers. Such lipidic 
nanocarriers demonstrate a greater capacity to be trapped by the reticuloendothelial 
system (RES). However, modifying specific primary features including size and 
surface can impart stealth feature to enable brain targeting and enhanced therapeutic 
efficacy. Size preferably less than 200 nm, sphericity, and appropriate deformability 

Table 2.1 Liposomes for targeted delivery in brain cancer

Ligand/nanosystem Study outcome Ref.

ApoE peptide/curcumin-loaded 
sphingomyelin, cholesterol, mal-PEG- 
PhoEth liposome

Show prominent antiproliferative effect by 
suppressing C6 glioma cell proliferation

[74]

Apolipoprotein-A1/doxorubicin-loaded 
DSPE, PEG, DPPC, DPPG liposome

Improved penetration of doxorubicin through 
BBB cells in U87 cells

[75]

Lactoferrin/doxorubicin-loaded egg 
phosphotidylcholine, cholesterol 
procationic liposome

Significant cytotoxic effects on C6 glioma 
and prolonged survival time compared with 
other groups

[76]

Lactoferrin/DSPC, cholesterol, DSPE- 
PEG2000, DSPE-PEG3400-MAL PEGylated 
liposome

Three times better uptake efficiency in vitro 
and two-fold higher brain uptake in vivo

[77]

Interleukin-13/doxorubicin-loaded DPPC, 
cholesterol, DSPE-PEG2000, DSPE-PEG2000 
maleimide liposome

Significant reduction in the intracranial 
tumor volume in tumor model

[78]

cRGD/PTX-loaded SPC, cholesterol, 
DSPE-PEG2000-OMe, DSPE-PEG2000-Mal 
liposome

Median survival time of tumor-bearing mice 
was significantly longer

[79]

Transferrin RGD/paclitaxel-loaded SPC, 
cholesterol, DSPE-PEG2000, DSPE-PEG2000- 
RGD liposome

Distribution occurs prominently in glioma 
cells than normal brain cells with higher 
cytotoxic effects on C6 glioma cells

[80]

Transferrin/cisplatin-loaded DSPC, 
cholesterol, DSPE-PEG2000, DSPE-PEG2000- 
COOH liposome

Higher potent cytotoxic action on C6 glioma 
cell with IC50 values four times lower than 
free drug

[81]

Transferrin/vincristine- and tetrandrine- 
coloaded EPC, cholesterol, DSPE-PEG2000, 
DSPE-PEG2000-NHS liposome

Significantly prolonged elimination half-life 
and highest median survival time in 
glioma-bearing mice

[82]

Transferrin/daunorubicin-loaded EPC, 
cholesterol, PEG2000-DSPE, COOH- 
PEG2000- DSPE, NH2-PEG2000-DSPE 
liposome

Strongest inhibitory effect of C6 glioma cells 
with IC50 value 1.39 times lower than free 
daunorubicin and prolonged survival time in 
tumor-bearing rats

[83]

Transferrin folate/doxorubicin-loaded 
DSPC, cholesterol, DSPE-PEG2000, 
DSPE-PEG2000-COOH, DSPE-PEG2000-F 
liposome

Longer median survival time as compared to 
free drug, with less average tumor volume in 
C6 glioma brain tumors with highest 
apoptotic activity

[84]

Folate/doxorubicin-loaded DSPC, 
cholesterol, DSPE-PEG2000 liposome

Higher doxorubicin content in the tumor 
compared to normal brain tissue

[85]
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Table 2.2 Polymeric nanoparticles for targeted delivery in brain cancer

Ligand/nanosystem Study outcome Ref.

Low-density lipoprotein receptor

Peptide-22/paclitaxel-loaded 
PEG-PLA NP

Apoptosis of C6 glioma cells and prolonged 
median survival time of glioma-bearing mice

[87]

Polysorbate-80/gemcitabine 
poly-butyl-cyanoacrylate NP

Significantly decreased proliferation rate in a 
dose-dependent manner on C6 glioma cells, with 
longer survival time in tumor-bearing rats

[88]

Polysorbate-80/bacoside-A-loaded 
PLGA NP

Tenfold more bacoside-A delivery into the brain 
when compared to the free drug solution

[89]

ApoE/human serum albumin NP Involvement of LDLR family members in 
cellular binding of modified nanoparticles 
compared to that of unmodified in crossing BBB

[90]

Lactoferrin receptor

Lactoferrin/doxorubicin-loaded 
bovine serum albumin mPEG2000 NP

Enhanced cytotoxicity in C6 glioma cell lines 
with a significant increase in the accumulation of 
DOX in the brain

[91]

Lactoferrin/curcuminoid 
polysaccharide (chitosan/hyaluronic 
acid/PEG2000) NP

Suggested good safety profile of coated 
formulation in BCECs and C6 cells with 
significantly lower IC50 values

[92]

Integrin and interleukin receptor

RGD/docetaxel-loaded DSPE- 
PEG2000–PLGA hybrid NP

Shows strongest inhibitory effect on the 
proliferation of C6 cells with significantly 
prolonged survival time in GBM-bearing rats

[93]

I6P7 peptide/succinoyl 
tetraethylenepentamine-histidine 
DNA NP

Significantly prolonged the survival time of 
orthotopic U87 glioma-bearing mice

[94]

RGD/Interleukin-13/PEG-PCL NP 3.82-fold uptake than that of plain NPs, with 
most of particles transported to GBM site

[95]

Transferrin receptor

Transferrin/methotrexate polysorbate 
80-coated PLGA NP

Significant reduction in tumor volume in C6 
glioma tumor-bearing rat model which was 
consistent with higher in vitro cytotoxicity

[96]

Transferrin/temozolomide-loaded 
PEGylated NP

Higher in vitro cytotoxicity with about 63% 
growth inhibitions at concentration of 100 μg/ml 
in brain

[97]

Transferrin/doxorubicin- and 
paclitaxel-loaded magnetic silica 
PLGA NP

1.8-fold reduction in IC50 value in U-87 cells 
with high fluorescence signal in vivo at the brain 
tumor site in U-87 tumor-bearing mice.

[98]

Transferrin/capecitabine-loaded 
magnetic dextran-spermine NP

Higher cytotoxic effect of the modified 
formulation on the U87 glioma cell lines

[99]

Transferrin/fluorescein-loaded 
magnetic NP

Enhanced targeting to brain by crossing BBB 
and diffuse into brain neurons, and distribute in 
the cytoplasm, dendrites, axons, and synapses of 
neurons

[100]

Transferrin/PLGA NP In vivo targeting of healthy brain was found 
higher with Tf-NPs

[101]
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are essential characteristics to guarantee escape from primary RES organs like the 
liver and spleen. The surface coating of developed SLN with specific proteins like 
Apo E, Apo C-II, immunoglobulin, and albumin can prevent opsonization and hence 
play a critical role in site-specific targeting to brain. Several studies confirmed that 
SLN can penetrate more efficiently into the cytoplasm of cancer cells with in vitro 
evaluations on respective U87 human glioblastoma and U373 human astrocytoma 
cell lines [102]. Angiopep-2, an LRP 1 receptor ligand overexpressed in endothelial 
cells of both brain and glioma, was grafted to SLN surface for improved delivery of 
docetaxel. In vivo studies of SLN in glioblastoma-induced C57BL/6 mice model 
exhibited a considerable targeting effect [103]. A brief summary of different SLN/
NLC used for receptor-mediated targeting is provided in Table 2.3.

Table 2.3 SLN/NLC for targeted delivery in brain cancer

Ligand/nanosystem Study outcome Ref.

Solid lipid nanoparticles

Angiopep-2/docetaxel-loaded GMS, SL, 
stearic acid SLN

Enhanced inhibition and greater induction of 
apoptosis in U87MG and GL261 cell lines

[104]

ApoE/resveratrol-loaded cetyl palmitate 
SLN

Higher concentration induces apoptosis and 
mitochondrial dysfunction, significant 
decrease in glioma cell viability

[105]

Aprotinin-melanotransferrin/doxorubicin- 
loaded compritol 888, tripalmitin, stearic 
acid SLN

Enhanced ability of DOX to infuse the BBB 
and to inhibit the growth of GBM

[106]

Melanotransferrin/tamoxifen and 
etoposide-loaded DPPC, cocoa butter, 
hexadecanoic acid, DSPE-PEG2000 SLN

Higher efficiency in permeating the BBB and 
docking melanotransferrin on GBM.

[107]

Transferrin/temozolomide-loaded HSPC, 
DSPE, cholesterol, triolein SLN

Enhanced uptake of Tf-SLNs in brain tissue 
compared with unconjugated SLNs.

[108]

Anti-EGFR/doxorubicin-loaded cocoa 
butter, stearic acid, HTMAB, DSPE- 
PEG2000 SLN

High specificity in recognizing EGFR on 
U87MG cells and inducing growth-inhibition 
effect.

[109]

Nanostructured lipid carriers

Transferrin/artemisinin-loaded 
cholesterol, compritol, oleic acid, 
stearylamine, soy lecithin NLC

Cytotoxicity on U87 cells was intensively 
greater than free drug at much lower 
concentrations.

[110]

Transferrin/paclitaxel-loaded cholesterol, 
triolein, stearylamine, soy lecithin NLC

Increased cellular uptake on the surface of 
U-87 cells and showed higher cytotoxicity.

[111]

Polysorbate 80/curcumin-loaded 
phosphatidyl choline, cholesterol oleate, 
glycerol trioleate NLC

Ex vivo imaging studies confirmed 2.38 
times greater accumulation in brain.

[112]

RGD/temozolomide-loaded 888 ATO, 
Cremophor ELP, SPC NLC

IC50 value ten-fold over free drug, with four 
times higher tumor growth inhibition.

[113]

Lf-RGD/temozolomide and vincristine- 
coloaded SPC, 888 ATO, Cremophor ELP 
NLC

Highest tumor growth rate inhibition in U87 
and T98G glioma cell lines, inhibited tumor 
growth in tumor xenograft mouse model

[114]
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4.3.4  Polymeric Micelles

Polymer micelles, core–shell nanoparticles formed by the self-assembly of block 
copolymers, are broadly accepted as promising nanocarriers for targeted brain can-
cer therapy. Studies have shown that anti-TF antibody fragment-conjugated micelles 
containing epirubicin and DACHPt have been effectively internalized by 
TF-overexpressing cancer cells and have shown higher in vitro and in vivo antitu-
mor activity [115]. Antibody and its fragments are beneficial as targetable ligands 
for active targeting of micelles. Immunomicelles conjugated with antibodies were 
developed for targeting EGFR receptors [116]. A brief summary of various poly-
meric micelles used for receptor-based targeted delivery for brain cancer is given in 
Table 2.4.

4.3.5  Microemulsions and Nanoemulsions

Microemulsions and nanoemulsions are characterized by small globule size 
(<100 nm). While microemulsions are thermodynamically stable and spontaneously 
forming, nanoemulsions require energy input and exhibit kinetic stability. 

Table 2.4 Polymeric micelles for targeted delivery in brain cancer

Ligand/nanosystem Study outcome Ref.

Candoxin/paclitaxel-loaded 
modified PEG-PLA micelles

Significantly longer median survival in intracranial 
U87 glioblastoma-bearing nude mice

[117]

Angiopep-2/PEG-PLA micelles Highest uptake in brain was obtained at 0.5 h 
postinjection

[118]

Cyclic RGD/docetaxel-loaded 
mPEG-PLA micelles

Showed marked antiglioma activity in U87MG 
malignant glioma tumor

[119]

c(RGDyK)/paclitaxel-loaded- 
PEG PLA micelle

Increased intracranial tumor accumulation with 2.5 
times enhanced cytotoxicity in U87MG human 
glioblastoma cells

[120]

c(RGDyK)/doxorubicin and 
Paclitaxel coloaded pluronic 
micelles

Induced late cell apoptosis with higher in vitro 
cytotoxicity on the proliferation U87MG cells

[121]

Transferrin c[RGDfK]/
paclitaxel-loaded hybrid 
micelles

Show most potent G2/M arrest in the cell cycle of 
U-87 MG glioma cells and prolonged survival time of 
42 days in glioma-bearing mice

[122]

Transferrin/paclitaxel-loaded 
polyphosphoester hybrid 
micelles

1.8 times higher accumulation in brain than 
unmodified micelles and prolonged the survival time 
of intracranial U-87 MG glioma-bearing mice

[123]

Transferrin/docetaxel-loaded 
TPGS-chitosan micelles

IC50 values demonstrated 248 folds more effective than 
docetaxel after 24 h treatment on C6 glioma cells

[124]

Transferrin-biotin/PEG-PLA 
copolymeric micelles

Accumulation in tumors observed in brain sections 
from C6 glioma tumor-bearing rat model

[125]

Folic acid/doxorubicin-loaded 
pluronic P105 micelles

Dual-targeting causes increase in toxicity to the C6 
glioma cells with 7.5 times decrease in tumor volume 
than unmodified micelles

[126]
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Functionalization of microemulsions and nanoemulsions with ligands for specific 
receptors can aid in targeted delivery as confirmed by targeting studies. 
Microemulsions and nanoemulsions coated with apolipoprotein E as ligand on sur-
face would be taken into cells through receptor-mediated endocytosis and release 
active agent targeting tumor cells. The high concentration of DHA in capillary 
endothelium of brain indicates that DHA is absorbed from diet by DHA transporters 
including particular fatty acid-binding lipoprotein transporters. Therefore, DHA 
introduced the option of overcoming the BBB through receptor-mediated endocyto-
sis (RME). Microemulsions with DHA-rich oil hence could be a constructive vehi-
cle for the solubilization, increased bioavailability, and improved drug delivery to 
the brain. Curcumin microemulsion displayed enhanced targeting efficiency to 
brain due to DHA-mediated transport overcoming BBB with prolonged drug reten-
tion in the brain [127]. A novel microemulsion formulation was developed using 
folate ligand for tumor targeted therapy with antibiotic aclacinomycin [128]. The 
study proved that folate alteration on emulsions is an efficient way to target tumor 
cells in the brain. A brief summary of microemulsions/nanoemulsions used for 
receptor-based targeted delivery for brain cancer is given in Table 2.5.

4.4  Dendrimers

Dendrimers are an evolving class of hyper-branched macromolecules that confer 
distinctive characteristics such as important molecular size control, elevated branch-
ing density, nanoscale size, and elevated surface functionality. HAIYPRH is a pep-
tide having high affinity for Tf receptor and has been functionalized with PEGylated 
PAMAM dendrimers loaded with doxorubicin [133]. Compared to free drug, the 
complex exhibited elevated internalization indicating targeting of brain tumor cells. 
A brief summary of various dendrimers used for receptor-based targeted delivery 
for brain cancer is given in Table 2.6.

Table 2.5 Microemulsions/nanoemulsions for targeted delivery in brain cancer

Ligand/nanosystem Study outcome Ref.

Polysorbate 80/piperine- 
loaded microemulsion

Enhanced delivery to the brain resulting in better 
therapeutic outcome compared to the free drug

[129]

Polysorbate 80/ 
Cefuroxime-loaded 
nanoemulsion

Improved pharmacokinetic profile in vivo as compared to 
the free cefuroxime solution and enhanced cefuroxime 
delivery to the brain

[130]

Polysorbate 80/indinavir- 
loaded nanoemulsion

Significantly higher brain concentration than produced by 
administration of a drug solution or control nanoemulsion

[131]

Flax seed oil/saquinavir–
loaded nanoemulsion

Oral bioavailability and distribution to the brain were 
significantly enhanced

[132]
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4.5  Aptamers

AS1411 aptamer and a phage-displayed TGN peptide, that are particular BBB and 
cancer cell ligands, were respectively combined with nanoparticles to develop a 
cascade delivery system (AsTNP) for brain glioma. In vivo imaging showed maxi-
mum tumor distribution was achieved by AsTNP [144]. Two ssDNA aptamers, 
GBM 128 and GBM 131, exhibited selective binding to U118-MG glioma cells, and 
in segments of human tissues, these aptamers revealed binding only to glioma tissue 
and not to regular brain tissue, suggesting possible diagnostic applications of these 
aptamers [145]. Nanoparticles decorated with AS1411 (Ap) exhibited high binding 
to nucleolin highly expressed in plasma membrane of tumor cells, to facilitate deliv-
ery of paclitaxel (PTX). The Ap-PTX-NP displayed longer circulation time and 
increased accumulation of PTX at tumor site, which eventually resulted in consider-
ably prominent tumor inhibition in mice carrying C6 glioma xenografts and pro-
longed survival rates in rats carrying intracranial C6 gliomas compared to PTX-NP 
and Taxol [146].

Table 2.6 Dendrimers for targeted delivery in brain cancer

Ligand/Nanosystem Study outcome Ref.

Transferrin/PEG-PAMAM DNA 
dendrimer

Median survival time of rats (28.5 days) was longer 
than that of rats treated with Unmodified (25.5 days) 
and temozolomide (24.5 days).

[134]

Transferrin/PEGylated 
poly(amidoamine) dendrimer

Delivered 13.5% of DOX in a period of 2 h, 
demonstrating an enhanced transport ratio as 
compared to ratio of free DOX

[135]

Transferrin/PEG-PAMAM-DNA 
dendrimer

Brain gene expression of the complex was two-fold 
higher than unmodified complexes.

[136]

Transferrin/doxorubicin, 
tamoxifen-coloaded PEG-PAMAM 
dendrimer

In vitro accumulation in the avascular C6 glioma
spheroids made the tumor volume effectively 
reduced

[137]

Transferrin/polypropylenimine 
DNA complexed dendrimer

Gene expression was three-fold higher in the brain 
and was at its highest at 24 h following the injection 
of the treatments.

[138]

OX26/PEG-G4.5-DPDPE 
dendrimers

Enhanced permeation suggesting CNS therapeutic 
properties.

[139]

Transferrin/temozolomide-loaded 
PAMAM-PEG dendrimer

Inhibited tumor growth along with delayed tumor 
recurrence in orthotopic glioma mice model

[140]

Angiopep/PAMAM-PEG-DNA 
dendrimer

Higher efficiency in crossing BBB than unmodified 
NPs confirmed by in vitro BBB model, and 
accumulated in brain more in vivo

[141]

Lactoferrin/polypropylenimine 
dendriplex-DNA plasmid

Increased gene expression in the brain, by more 
than 6.4-fold compared to that of DAB dendriplex

[142]

RVG29/PAMAM-PEG DNA 
dendrimer

Gene expression was observed in the brain, and 
significantly higher than unmodified NPs

[143]
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4.6  Carbon Nanotubes and Carbon Dots

Carbon nanotubes and carbon dots are promising method for selective delivery of 
therapeutic moiety at the tumor cells. Multiwalled PEGylated carbon nanotubes 
integrated with angiopep-2 as multitargeting delivery system for therapy of brain 
glioma proved that DOX accumulation in glioma for DOX-ANG was more than 
control DOX at 2 h postinjection and maintained up to 24 h postinjection [147]. 
Multiwalled carbon nanotubes with iron oxide magnetic nanoparticles and loaded 
with doxorubicin exhibited a significant decrease in IC50 compared to that of plain 
DOX [148]. Studies on carbon dots suggest its ability to cross the BBB when modi-
fied with transferrin, showing that the transport occurs through transferrin receptor- 
mediated transcytosis which was confirmed by the zebrafish model [149]. Further 
conjugates of carbon dots loaded with doxorubicin were functionalized using trans-
ferrin for delivery of doxorubicin to treat pediatric brain tumors. The conjugates 
show significantly more cytotoxic effect on CHLA-266, SJGBM2, and CHLA-200 
brain tumor cell lines as compared to doxorubicin alone [150].

4.7  Diagnostics and Theranostics

4.7.1  Diagnostics

The utilization of macromolecular agents focused on dendrigraft poly-L-lysines 
(DGLs) with chlorotoxin (CTx) as ligand proved promising results in field of clini-
cal diagnosis of brain tumors. Results revealed that mice treated with CTx-modified 
contrast had signal enhancement which reached peak level at 5  min for glioma, 
considerably higher than control [151]. Study on transferrin-conjugated superpara-
magnetic iron oxide nanoparticles proved considerable contrast enhancement of 
brain glioma following 48 h postinjection, suggesting Tf-SPIONs as a prospective 
targeting MR contrast agent for brain glioma [152]. Another work on lactoferrin- 
conjugated superparamagnetic iron oxide nanoparticles revealed appropriate diag-
nosis of brain tumors with enhanced signal intensity [153]. Nanoparticles attached 
with multiple imaging/targeting agents for optical imaging enables higher sensitiv-
ity, quicker acquisation time and lesser running cost than MRI. G5 dendrimer 
labelled with angiopep-2 through a polyethylene glycol linker showed a higher fluo-
rescence intensity and significantly high T/N (tumor/normal tissue) ratio of nano-
probes in brain [154]. RGD peptide-labelled quantum dots administered in glioma 
bearing mice reported to have contrast enhancement and higher T2 relaxivity signi-
fying integrin targeted optical imaging and cancer detection [155].
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4.7.2  Theranostics

Theranostics is a combined form of imaging and therapy where imaging will not 
only suggest the possibility to noninvasively detect tumor, but also provide quantita-
tive approach to assess the delivery of therapy in tumor cells. A study on PEG-free 
porphyrin-mimicking lipoproteins demonstrated the possibility for intraoperative 
fluorescence-guided surgery and tumor-specific PDT [156]. Dual-targeted 
(EGFpep+Tfpep)-AuNPs-Pc 4 nanoparticles with a photosensitizer phthalocyanine 
4 revealed high cellular association and increased cytotoxicity with in vivo studies 
proving accumulation of nanoparticles in tumor regions [157]. ApoE3-dependent 
release of porphyrin from lipid nanoparticles in orthotopic U87-GFP tumor-bearing 
animals revealed reduction in glioblastoma with selective uptake of porphyrin in 
malignant tissue [158]. Combination treatment of CTX-NP-siMGMT with chloro-
toxin as ligand resulted in reduction of tumor growth that was detected by MRI 
[159]. SLNs conjugated with c(RGDyK) was developed as carriers to enhance the 
targeted delivery of IR-780 to the tumors. In vitro assays and in vivo PTT treatment 
defined the eradication of tumor by applying SLN under laser irradiation [160]. 
Quantum dots (QDs) and apomorphine were incorporated into liposomes to improve 
brain targeting. Higher fluorescence intensity was observed in mouse brains treated 
with liposomes compared to that of free QDs with 2.4-fold improved accumula-
tion [161].

5  Receptor-Mediated Delivery in Clinical Trials

The primary therapy for high-grade brain cancer patients is multimodal, including 
tumor removal followed by radiation and chemotherapy. Research on novel molecu-
larly targeted therapies reflects an improvement in treatment of patients with brain 
cancer. Targeted chemotherapeutic agent treatment in conjunction with carrier 
ligands has progressed with some conjugates reaching clinical trials for treating 
malignant brain tumors. Receptor-mediated delivery of drugs targeting brain cancer 
in clinical trials is depicted in Table 2.7.

6  Advantages and Limitations

Brain cancer continues to be a deadly disease. Nevertheless, the challenges in the 
treatment of brain cancer through chemotherapy can find viable solutions through 
receptor-mediated targeting approaches. The multiple receptors and variety of 
ligand possibilities coupled with advancements in nanotechnology can harness 
existing drugs for significantly improved therapy. Nevertheless, directing drugs to 
the brain in high concentration must be handled with caution. A sensitive organ like 
the brain may be deleteriously affected if drug concentrations are not titrated to 
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remain at safe concentration. Such off-site brain toxicity is to be handled with 
caution.

7  Conclusion and Critical Comments

Receptor-mediated endocytosis is a promising approach for improved therapy of 
brain cancer, provided toxicity concerns are appropriately addressed.

Table 2.7 Drugs under clinical trials for targeting brain cancer

Conditions Study title

Clinical 
trial 
status Reference

Brain and central 
nervous system tumors

Cytotoxic T cells and interleukin-2 in treating 
adult patients with recurrent brain tumours

Phase I [162]

Brain metastases
Breast cancer

ANG1005 in breast cancer patients with 
recurrent brain metastases

Phase II [163]

Gliomas
Anaplastic 
astrocytoma
Anaplastic 
oligodendroglioma

Cellular immunotherapy study for brain cancer Phase I [164]

Glioblastoma IL-4(38–37)-PE38KDEL immunotoxin in 
treating patients with recurrent malignant 
astrocytoma

Phase I [165]

Glioblastoma 
multiforme

Study of therapy with TransMID™ compared 
to best standard of care in patients with 
glioblastoma multiforme

Phase III [166]

Brain tumor
Recurrent brain tumor
Refractory

T cells expressing HER2-specific chimeric 
antigen receptors(CAR) for patients with 
HER2-positive CNS tumours

Phase I [167]

Brain and central 
nervous system tumors

Chemotherapy and vaccine therapy followed by 
bone marrow or peripheral stem cell 
transplantation and Interleukin-2 in treating 
patients with recurrent or refractory brain 
cancer

Phase II [168]

Adult brain 
glioblastoma
Adult gliosarcoma
Recurrent brain 
neoplasm

EGFRBi-armed autologous T cells in treating 
patients with recurrent or refractory 
glioblastoma

Phase I/
phase II

[169]

Glioblastoma A study of ABT-414 in subjects with newly 
diagnosed glioblastoma (GBM) with epidermal 
growth factor receptor (EGFR) amplification

Phase III [170]
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Chapter 3
Breast Cancer Receptors and Targeting 
Strategies

Ashish Pandit, Lalit Khare, Padma V. Devarajan, Ratnesh Jain, 
and Prajakta Dandekar

Abstract Breast cancer (BC) is the most common cause of death among women 
worldwide. Characterized by heterogeneous nature, treatment of breast cancer 
becomes very challenging considering its late detection. Causes for breast cancer 
and their treatment modalities have been well identified; still management of dis-
ease is an uphill task due to complex pathophysiology associated with it. 
Chemotherapy has remained the mainstay for treatment of BC, although with advent 
of novel targeted therapies, a paradigm shift is seen in treatment options available 
for BC.  Targeted regimes toward receptors expressed on tumorous surfaces are 
developed that deploy antibodies and peptides for treating BC.  Moreover, with 
avoidance of side effects of chemotherapy with concomitant annihilation of cancer-
ous cells, it is very imperative to understand the underlying mechanisms of recep-
tors governing the process. Therefore, with an attempt toward comprehensive 
understanding of the subject, this chapter explores some of the important receptors 
involved in breast cancer such as estrogen receptor, progesterone receptor, and 
human epidermal receptor-2. Special emphasis is given for the modulation of their 
signal transduction mechanism attaining desired goals. Various formulation aspects 
that are currently undertaken toward BC management are also discussed in brief.
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Abbreviations

ABC ATP-binding cassettes
ADCC Antibody-dependent cell-mediated cytotoxicity
BC Breast cancer
EGFR Epidermal growth factor receptors
ER Estrogen receptor modulators
FISH Fluorescent in situ hybridization assay
HER-2 Human epidermal growth factor receptor-2
IDC Invasive ductal carcinomas
IHC Immune Histochemical studies
ILC Invasive lobular carcinoma
MISS Membrane-assisted steroid signaling
NDDS Novel drug delivery systems
P-gp P-glycoprotein
PR Progesterone receptor
SERMs Selective estrogen receptor
TDM-1 Trastuzumab emtansine
TNBC Triple-negative breast cancer

1  Introduction

Breast cancer (BC) is one of the most commonly occurring cancers in women. 
Nearly 1.7 million new cases of BC were diagnosed in 2012 alone, and it has been 
associated with an increasing number of cancer-related deaths among the female 
population, worldwide [1]. BC is characterized by an uncontrolled growth emanat-
ing from the breast tissue, more frequently from the milk ducts and lobules, and if 
left unrestrained, it can metastasize to the other parts of the human body. The early 
stages of BC are mostly asymptomatic. A hard painless lump that can be felt by 
touch is an important symptom of the disease progression. Persistent changes in 
breast size, distortion of breasts with spontaneous discharge, skin irritation, and 
retraction of nipples are the other less prevalent symptoms. Although the tumor 
may be completely treated at this preliminary stage, the aforementioned manifesta-
tions are often overlooked by the patients [2]. This results in advancement of the 
cancer to a secondary or terminal stage, when its treatment is often difficult or 
impossible. Nowadays, the advent of mammographic screening tests have enabled 
an early- stage detection of BC, although its appropriate implementation during 
diagnosis should be sought, in order to decrease the number of women being diag-
nosed in later stages of the disease [3].

Several risk factors such as mutation of the BRCA1 and BRCA2 genes, and 
extraneous elements, like use of oral contraceptives, exposure to radiation, etc., are 
linked with the emergence of BC. Occurrence of BC is particularly high in women 
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from developed countries, wherein women belonging to the older age group are at a 
higher risk. Women who bear children at a young age possess a lower risk of having 
BC. Incidence of BC is also high in females with early menarche and delayed meno-
pause. Risk factors for BC can be further distinguished into two broad categories. 
The first category includes inherited traits like sex, genetic makeup, age, and famil-
ial history of the neoplastic disease, while the second one includes lifestyle-related 
extrinsic factors like smoking, excessive consumption of alcoholic beverages, and 
medical interventions such as the hormonal replacement therapy [1]. In comparison 
to women, the prevalence of BC among men is negligible. Male BC constitutes only 
1% of all cases of BC, diagnosed worldwide. Hormonal imbalance, testicular mal-
descent, congenital inguinal hernia, orchitis from mumps, and testicular injury are 
some of the predisposing factors that cause BC in men [4, 5].

1.1  Classification and Clinical Subtypes of BC

BC is classified into distinct categories, based on the several, specific distinguish-
ing aspects. The histopathological studies, molecular pathology, genetic analysis, 
or gene expression profiling are carried out to distinguish between different BC 
types, as represented in Fig. 3.1. According to the WHO, different histological sub-
types of BC have been identified. Invasive ductal carcinomas (IDC) exist in about 
50–80% of all the diagnosed cases, whereas the invasive lobular carcinoma (ILC) 
is the second most common type of BC, affecting about 15–20% of the patients [6]. 
A low- grade breast tumor is characterized by well-differentiated cancerous cells, 

Fig. 3.1 Various classifications of BC
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while in case of intermediate grade and high-grade tumors, the cells are moderately 
and poorly differentiated, respectively. Based on the immunohistochemical analy-
sis of the estrogen receptor (ER), the progesterone receptor (PR), and the human 
epidermal growth factor receptor-2 (HER-2), the BC tumors are classified as the 
luminal (ER+/PR+/HER-2−), HER-2+ (ER−/PR−/HER-2+), or triple-negative 
(TN; ER−/PR−/HER-2−). Staging of BC according to TNM classification (T: 
tumor; N: lymph node; M: has tumor metastasized or not) is a common procedure 
to determine the exact state of the disease progression [7]. BC staging is based on 
the primary tumor size, the involvement of the sentinel lymph node, and the exis-
tence of metastases. The stage advances gradually from 0 to IV, where carcinoma 
in situ tumors are of stage 0, while a stage IV tumor has already metastasized to a 
distant location. The stage of the disease is the main driving factor in prognosis of 
BC [8]. With the advent of new techniques, DNA microarray studies are employed 
to measure the level of expression of different genes, to differentiate between nor-
mal cells and tumorous growths of the breast. More than 90% of tumorous cells 
exhibit overexpression of genes, such as BRCA1, BRCA2, p53, PTEN, ATM, 
NBS1, and LKB1 [9].

2  Overview of Role of Receptors in BC

BC cells are distinguished from the normal cells by the prominent overexpression 
of some of the receptors; for example, mutations in the HER-2/neu gene govern 
the expression of HER-2 receptor. The upregulated receptor type, confirmed via 
the immunohistochemical assays, is often correlated with lymph node involve-
ment and tumor grade. These receptors bind to their respective ligands, mostly 
chemokines secreted by the tumor cells, and certain hormones, to boost the pro-
liferation of cells through their signal transduction mechanisms. Cancer therapy, 
as a whole, depends on blockage of this receptor–ligand binding or the arrest of 
their signal transduction pathways. Modulation of receptors pathways represents 
an attractive therapeutic strategy to treat BC. Furthermore, literature points that 
the number of cases of BC, with estrogen-positive receptors, is on rise. HER-2 
receptor, a subtype of EGFR family, along with the progesterone receptor, is also 
responsible for the advancement of BCs [9]. Resistance for agents like tamoxifen 
that target the estrogen receptors in breast cancer is on rise according to recent 
reports [10]. Hence, there is an immense need to recognize alternate receptors for 
targeting BC.  This chapter will primarily discuss the role of HER-2 receptor, 
Estrogen receptor (ER), Progesterone receptor (PR), and the regulation of their 
signal transduction mechanisms, to treat BC as depicted in Fig. 3.2. Also, differ-
ent treatment modalities to treat triple-negative BC have been discussed. A brief 
overview has been presented on the results of preclinical studies, ex vivo studies, 
and mechanisms of HER-2, PR, and ER receptors.
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2.1  Involvement of HER-2 Receptor in BC

2.1.1  Occurrence of HER-2 Receptor in BC

The human epidermal growth factor receptor-2 (HER-2) belongs to the superfamily 
of transmembrane receptors, the epidermal growth factor receptors (EGFR), that 
possess tyrosine kinase activity. These receptors modulate signal transduction path-
ways required for normal cell growth and differentiation. HER-2 receptor is encoded 
by a proto-oncogene HER-2/neu (Erb-B2) present on the long arm of chromosome 
number 17. Overexpression of HER-2 is a striking feature that distinguishes between 
the normal and cancerous cells [11]. Ovarian cancers, lung cancer, and cancer of 
endometrium are other illustrations that are marked with abnormal presence of 
HER-2. This makes the receptor an important biomarker, as far as prediction and 
prognosis of cancers is concerned. Nearly 25–30% of BCs cases are characterized 
by the overexpression of HER-2 receptor. Evaluation of breast tumors for HER-2 
expression can facilitate selection of treatment regimens for the patients. Therefore, 
diagnosis of HER-2 + BCs is being conducted using diverse techniques like immu-
nohistochemical (ICH) assays, fluorescent in situ hybridization (FISH), enzyme- 
linked immunosorbent assay (ELISA), Southern blotting, etc., as per the 
recommendation of regulatory agencies like the American Society of Clinical 
Oncology (ASCO) and the World Health Organization (WHO) [12].

Fig. 3.2 Role of receptors in BC and agents for selective targeting. (Abbreviations: AMPK 
5’-AMP-activated protein kinase, PR Progesterone receptor, ER Estrogen receptor, PI3K 
Phosphoinositide 3-kinases, PARP Poly(ADP-ribose) polymerase, SPRM Selective progesterone 
receptor modulator, MAPK Mitogen-activated protein kinases (MAPKs), SERM Selective estro-
gen receptor modulators, RARs Retinoic acid receptors, RXR Retinoid X receptors)
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2.1.2  Signal Transduction by HER-2

The structural conformation of HER-2 is similar to that of any other transmembrane 
receptor. Typically, it contains an extracellular domain that is equipped with an 
amino terminal and comprises four parts, namely, two ligand-binding domains 
(LD1 and LD2) and two cysteine-rich domains that aid in ligand binding [13]. 
Furthermore, the intracellular domain is categorized into two regions, namely, a 
catalytic tyrosine kinase, having an active phosphorylation site, and a carboxy ter-
minal chain. Upon binding with the specific ligands, these receptors undergo either 
homodimerization or heterodimerization, leading to trans-phosphorylation of their 
intracellular domain. Phosphorylation triggers the downstream activities of a vari-
ety of secondary messengers, which mediate diverse biological effects. HER-2 is a 
preferred choice for other subtypes of HER to form heterodimeric complexes, and 
the complex formed between HER-2 and HER-3 receptors displays the highest effi-
cacy to elicit a pharmacological response, among all the receptors or receptor com-
plexes of the EGFR family. Moreover, HER-2 dimers are less prone to enter the 
degradation pathways and tend to escape the internalization process as complexes 
formed with HER-2 are stable and do not dissociate readily [14, 15]. HER-2 com-
plexes can activate the RAS/RAF/MAPK cascade, which regulates the cellular pro-
liferation, and the PI3K/Akt signaling that is responsible for cell survival [16]. 
Consequently, treatment of patients with HER-targeting agents like lapatinib, 
trastuzumab, and pertuzumab has considerably improved their pathological com-
plete response rates. Emerging trials are also increasingly pointing toward the effi-
ciency of treatment regimens wherein chemotherapy has been coupled with 
HER-targeting agents [17].

2.1.3  Strategies to Target HER-2 in BC

Spatial targeting of the HER-2 receptor is gaining momentum owing to its impor-
tance in BC.  Antibodies like trastuzumab (Herceptin®, Genetech) and pertu-
zumab (Perjeta® Genetech), antibody drug conjugates like trastuzumab emtansine 
(TDM-1 Genetech), small molecule tyrosine kinase inhibitors like lapatinib, afa-
tinib, napatinib, etc. have been developed, considering the incongruous behavior 
of HER receptors in BC. These agents act by diverse mechanisms and operate by 
disrupting heterodimerization of HER, impeding HER pathways, and are known 
to exert antibody- dependent cell-mediated cytotoxicity (ADCC) and inhibit 
cleavage of HER or promote its endocytosis [18]. Heat shock protein (HSP90) 
inhibitors are found to promote degradation of HER-2 receptor. For example, 
tanesipimycin, a first-generation HSP 90 inhibitor, has significant activity against 
HER-2+ BC. Molecular chaperon HSP 90 is required for the stability of various 
substrate proteins, known as client proteins. Increased client proteins results into 
blockade of the apoptotic pathway and cause inhibition of tumor cell inactivation. 
Tanesipimycin interacts with HSP 90 and destabilizes it to induce anticancer 
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activity. Another two HSP90 inhibitors, namely retaspimycin and AUY922, are 
currently undergoing clinical investigations, as monotherapy or combination 
therapy with trastuzumab [19]. Combination therapies of HER-2-targeting agents, 
along with chemotherapeutic agents, are specifically recommended for metastatic 
BC. For example, trastuzumab, when combined with lapatinib, increased apopto-
sis in HER-2 overexpressing SKBR-3 cells. Tyrosine kinase inhibitors, like lapa-
tinib, have been administered along with paclitaxel, anthracycline, and docetaxel. 
Dramatic improvement in clinical benefit rate was observed upon co-administer-
ing trastuzumab and lapatinib [20]. However, in geriatric patients, the combina-
tion of the HER-2 + targeting agents and anthracycline-based chemotherapeutic 
agents was found to be troublesome. Concomitant chemotherapy, along with tar-
geting HER-2+, for prolonged durations was observed to predispose the patients 
to irreversible heart damage [21].

2.1.4  Resistance in HER-2+ Targeted BC Therapies

Although early and advanced stages of BC were successfully treated by trastu-
zumab, increasing proportions of patients have been reported to possess intrinsic 
resistance or have acquired resistance to this biotherapeutic. Tumor cells are known 
to evade trastuzumab targeting via HER-2 dimerization. This knowledge further 
led to the development of pertuzumab, a humanized monoclonal antibody that dis-
rupts the formation of HER-2 homodimers. Pertuzumab (Perjeta® Genetech) was 
approved by the USFDA, in 2013, for use in neoadjuvant setting, as well as in 
metastatic BCs, along with trastuzumab and taxanes [22]. In some instances, inter-
action between trastuzumab and HER was blocked. A recent study indicated that 
epitopes on HER-2 are covered by a transmembrane protein, named MUC4, which 
caused a significant reduction in the efficacy of trastuzumab [23]. Yet another the-
ory suggested the failure of the immune system in responding to the polymorphism 
or dysregulation of the Fc receptor. Upregulation of downstream pathways or acti-
vation of alternate signaling pathways has been suggested as other contributing 
factors toward resistance development. Upregulation of signal transduction can 
occur due to the loss of phosphatase and tensin homolog and presence of P95, a 
truncated form of HER-2 receptor that lacks the outer cell attachment domain. 
Also, transactivation of HER-2 signaling can occur through other tyrosine kinases, 
like IGF-1R and PI3K mutation, thus leading to a resistance against trastuzumab 
[24]. Further, point mutations in the kinase domain (KD) are responsible for resis-
tance development toward tyrosine kinase inhibitors. T3151 mutations are peculiar 
characteristic of the KD in the Bcr-Abl fusion gene of the cancerous cells. As a result 
of this mutation, binding of inhibitor molecules to tyrosine kinase is prohibited. 
Moreover, it can also result in destabilization of the enzyme inhibitor complex. 
Additional mechanisms involved with resistance toward TKI inhibitors, like lapa-
tinib, imatinib, etc., include activation of alternate signaling pathways and epigenetic 
changes in the genome [25].

3 Breast Cancer Receptors and Targeting Strategies



86

2.2  Involvement of Estrogen Receptor (ER) in BC

2.2.1  Occurrence of ER in BC

Adjuvant hormonal therapy for BC involves targeting the estrogen receptor signaling 
pathway. Therefore, determination of the status of the ERs is very crucial for the 
prognosis of BC. The current techniques that are used to determine the status of ERs 
include immunohistochemical (IHC) studies that are often coupled with the fluores-
cent in situ hybridization (FISH) assay, for validation of the results. There are two 
different types of ER receptors, estrogen receptor alpha (ER α) and estrogen recep-
tor beta (ER β), that are encoded by two different genes, belonging to the steroid 
hormone super family of nuclear receptors [26, 27]. Under normal conditions, ER β 
is more profoundly expressed than the ER α. Several studies have pointed toward 
distinct expression of ER in ductal and lobular BC. In case of high-grade lobular 
cancer, the ER β expression is lost, while the ER α is expressed in abundance. 
However, in case of invasive ductal carcinoma, both ER α and ER β are underex-
pressed. Treatment of BC using tamoxifen is rather doubtful, when both ER α and 
ER β are co-expressed. Tamoxifen acts as an agonist of ER β at the activator protein 
sites (AP sites) and therefore would nullify the antitumorigenic response of the 
tamoxifen–ER α complex. Therefore, tamoxifen is more useful in later stages of 
lobular BC and cautious use of agents, which act as agonists of ER β, has been rec-
ommended by researchers to check the disease progression [28].

2.2.2  Signal Transduction by the ERs in BC

ERs are omnipresent in the cytosol or nucleus and regulate their functions at the 
genomic level. Moreover, numerous literature reports point toward the presence of 
membrane-associated ERs. The hormone estrogen selectively binds to the ER and 
forms a complex. This complex is responsible for the maintenance and regulatory 
activities like cardiovascular protection, preservation of bone, neuroprotection, and 
cellular proliferation [29]. The ER complexes, typically, employ two distinct mech-
anisms for signal transduction. The first is the genomic pathway via the nucleus- 
initiated steroid signaling (NISS), which involves dimerization of the ER complex 
and its translocation into the nucleus to elicit a suitable response. The second path-
way is the nongenomic pathway or the membrane-assisted steroid signaling (MISS), 
which exerts its action by rapidly triggering the cytoplasmic signal transduction 
pathways [29]. Estrogen, as such, can initiate very rapid cellular actions, indicating 
the presence of a strong MISS. Nongenomic pathways are involved in many other 
events, including mobilizing secondary messengers and interaction with transmem-
brane receptors like insulin-like growth factor receptors (IGF-1R) and epidermal 
growth factor receptor (EGFR) [30]. The presence of a seven-transmembrane 
G-protein-coupled receptor, called GPR-30, responds to estrogen via rapid cellular 
signaling. Trans-activation of EGFR signaling pathway, with the involvement of 
MAP kinase, is mediated by the estrogen-activated GPR-30 pathway. Consequently, 
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GPR-30 can also activate the adenylyl cyclase pathway. Tamoxifen can activate 
PI3K via GPR-30, and not ER α [31]. Estrogen and estrogen receptor agonists are 
known to inhibit the mitochondrial respiratory complexes. Rapid production of 
intracellular reactive oxygenated species is stimulated by estrogen via the respira-
tory chains, at the cellular levels. This ROS production is independent of the pres-
ence of estrogen receptors, as certain cell lines devoid of ER, like MDA-MB 468, 
have exhibited near-equal concentrations of ROS. These reactive species can revers-
ibly regulate the cysteine-based phosphatases, including the protein tyrosine phos-
phatase (PTP) and lipid phosphatase [32]. In addition, ROS also activates 
MAPK- and PI3K-dependent pathways, thus leading to the activation of AP-1, 
NF-κB, and NRF1. Therefore, estrogen-backed ROS production is detrimental for 
genomic integrity of the epithelial cells [33].

2.2.3  Strategies to Target the ERs

Endogenous and exogenous estrogens are known to stimulate the proliferation and 
growth of BC cells leading to the development of “selective estrogen receptor mod-
ulators” (SERMs). Tamoxifen, a well-known SERM, has emerged as a gold stan-
dard for clinical treatment of the BCs. The overexpression of ERs is the major 
indication of the possible response of the BCs toward the endocrine therapy, as 
approximately 70% of the BCs are estrogen receptor positive and hormone- 
dependent. Marginal improvement in postsurgical survival rates and reduction in 
relapses are seen with the introduction of systemic adjuvant therapy for estrogen 
receptor-positive BC. This adjuvant therapy (AT) that is administered along with 
chemotherapy or radiotherapy is beneficial to women in early stages of BC.  AT 
primarily comprises i) ovarian suppression, ii) employment of selective estrogen 
receptor modulators (SERMs), and iii) employment of aromatase inhibitors.

Ovarian Function Suppression (OFS)

Ovarian function suppression (OFS) is either achieved by surgical intervention or 
through the use of gonadotropin agonists (GNRh). GNRh agonists like goserelin, 
triptorelin, buserelin, and leuprolide are decapeptides that share structural resem-
blance with the native GNRh. Continuous administration of GNRh agonists causes 
significant drop in the circulating levels of follicle-stimulating hormone (FSH) 
and leutinizing hormone (LH). Studies conducted on ovarian steroidogenesis and 
GNRh agonists have reported contrasting results. Some researches claim a direct 
intervention by the agonists in decreasing the production of estrogen and proges-
terone, while certain reports state that the agonists work by controlling the signal-
ing mechanisms, triggered by the estrogen and progesterone, upon activation of 
their respective receptors. These agonists, along with the standard adjuvant ther-
apy, are more effective than the adjuvant therapy alone and reduce the recurrence 
rate and mortality by 25% in BC patients who have not received the standard 
chemotherapy [34, 35].
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Selective Estrogen Receptor Modulators (SERMs)

SERMs can be either ER agonists or antagonists, depending on their interaction 
with the ER, the target tissues, and the posttranslational effects. These are further 
categorized into three groups:

 (i) Triphenylethylene nonsteroidal derivatives, for example, tamoxifen, toremi-
fene, droloxifene, and idoxifene

 (ii) Benzothiophene-based nonsteroidal derivatives, for example, raloxifene, tore-
mifene, and arzoxifene

 (iii) Indole, tetrahydronaphthalene, and naphthol SERMs, for example, lasofoxi-
fene and bazedoxifene

Oncostatic mechanism of tamoxifen is believed to be mediated through the 
reduced production of estrogen. Also, hydroxyl-tamoxifen, an active metabolite of 
tamoxifen, increases the serum levels of estrogen. Tamoxifen acts on mammary 
serine protease inhibitor (SERPINB5) to elevate estrogen levels [36]. SERPINB5 
gene is downregulated in many of the metastatic and primary BC cells. Toremifene 
has a β-chlorine attached to its basic structure, which prevents its metabolism by 
hydroxylation reactions. Thus, preclinical investigations have indicated this mole-
cule as a safer SERM than Tamoxifen [37]. Prolonged treatment of patients with 
tamoxifen can lead to bone loss or osteoporosis, particularly in premenopausal 
women. Therefore, Lasofoxifene and bazedoxifene have been designed based on 
prior pharmacological knowledge of having a favorable impact on lipid and skeletal 
metabolism, relatively safe on uterine and mammary tissues, and also proven to be 
neutral toward hot flashes.

Aromatase Inhibitors

Aromatase is an enzyme encoded by the CYP19 gene. It is usually expressed in the 
granulose of the ovarian cells, in premenopausal women, and in the adipose tissues 
of the postmenopausal women. The main role of aromatase is in the formation of 
progesterone and androgens. Typically, two types of aromatase inhibitors exist, 
based on their mechanism of action. The first category is steroidal aromatase inhibi-
tors like testolactone (first generation), formestane (second generation), and exam-
estane (third generation), which cause permanent inhibition of aromatase. The 
second category is the nonsteroidal aromatase inhibitors like aminoglutethimide 
(first generation); fadrozole (second generation); and anastrozole and letrozole 
(third generation) that are reversible, competitive inhibitors of the enzyme. As the 
mechanism of action suggests, the steroidal aromatase inhibitors are not preferred 
for treatment in premenopausal women. Steroidal inhibitors like examestane bind to 
the active sites of the aromatase enzyme like a false substrate. This binding is irre-
versible and thus production of new estrogen requires formation of new aromatase 
molecules. This leads to a decreased production of estrogen and progesterone creat-
ing a temporary hormonal imbalance in patients [38, 39].
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2.2.4  Resistance to ER-Targeted Therapies

Considering the complex nature of the ER and its signaling pathways, several 
mechanisms of resistance have been identified. An epigenetic mutation in gene 
encoding for ER is one of the major factors governing development of resistance. 
Modification of the posttranslational events, alteration in the hormone-binding 
domains, differential recruitment of co-regulators, and influence of the tumor 
microenvironment are some of the other factors responsible for the resistance to 
ER-targeting. Two major signaling pathways, namely, the CyclinD1/CDK4/6 path-
way and PI3K/AKT/mTOR pathway, have been identified as important for thera-
peutic arbitrations, considering the resistance developed by the ERs to the endocrine 
therapy [40]. The PI3K/AKT/mTOR pathway controls the maintenance of cellular 
functions, like glucose metabolism, protein synthesis, and cellular proliferation. 
Frequent alterations of growth-signaling PI3K/AKT/mTOR pathway are proposed 
as a probable mechanism for resistance to endocrine therapy and the estrogen-
mediated signaling, along with alteration in the PIK3CA gene. Obliteration of the 
PI3K pathway can lead to an increased activity of ER, thus aiding in development 
of resistance. Inhibition of mTOR leads to activation of AKT and the extracellular 
signal-regulated kinase (ERK). This phenomenon suggests that inhibition of the 
PI3K/AKT/mTOR pathway may lead to reduction in cellular proliferation [41]. 
According to some recently reported preclinical studies, a novel molecule AZD5363 
was observed to inhibit AKT and resensitize the cells toward tamoxifen, in vitro. 
This molecule was found to act in synergy with fulvestrant [42].

2.3  Involvement of Progesterone Receptor (PR) in BC

2.3.1  Occurrence of PR in BC

The progesterone receptor (PR), also recognized as NR3C3 (nuclear receptor sub-
family 3, group C, member 3), is a protein complex, comprising 933 amino acids 
that is found inside the human cells [43, 44]. Its activity is triggered by the hor-
mone, progesterone. The PR displays two distinct binding sites, one possessing a 
significantly higher affinity for its ligands than the other [45]. The human PR has 
two main isoforms namely, PR-A and PR-B. Translation of PR-A and PR-B starts 
at two different AUG codons [45]. The PR contains a central DNA-binding domain, 
with the ligand-binding region being present at the carboxy terminal. Furthermore, 
it contains multiple activation functions (AFs) and inhibitory elements. One of the 
AFs, namely, AF-1, is confined to a 91-amino acid region within the NH2 terminus 
of PR, while another AF, namely, AF-2, is confined to the C-terminal ligand-bind-
ing domain [44]. Both, AF-1 and AF-2 are contained within the PR-A and 
PR-B.  However, it has been shown that sequences within the B-specific region 
(B164) are required for the maximum activity of AF-1. Recently, a third activation 
domain (AF-3), which functions only in a restricted cell and promoter context, has 
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been found within the B164 region of the PR [44–47]. The PR-B contains AF-3, in 
addition to the AF1 and AF2. A third, lesser-known isoform of PR is the PR-C. The 
PR-B is the positive regulator of the effects of progesterone, while PR-A and PR-C 
antagonize the effects of PR-B [48]. Based on immunohistochemical analysis, the 
PR-A and PR-B are expressed at a ratio of 1:1. The BC tumors contain elevated 
levels of PR-A, relative to PR-B. Predominant PR-A expression signifies a poor 
outcome of the hormonal therapies, while predominance of PR-B signifies a poor 
outcome of the chemotherapy. Thus, deregulation of the PR signaling pathway is 
the hallmark of BCs [49].

2.3.2  Signal Transduction by the PR

When progesterone is absent, the PR stays within the nucleus of the target cells in a 
dormant form, in association with a heavy complex comprising heat shock proteins 
(HSP) like HSP90, HSP72, and HSP59, and other proteins. In cells where both 
PR-A and PR-B are present, three different dimers (A:A, A:B, and B:B) are formed 
[50]. The activated receptor dimers strongly interact with specific progesterone 
response elements (PRE), located within the target genes, and cause modulation in 
the transcription of these genes. In addition to promoting the formation of receptor 
dimers, the interaction of the PRs with the hormone facilitates an increase in their 
overall phosphorylation state [51]. This occurs in two separate steps, with one phos-
phorylation event occurring upon dislodgment of HSPs, while the second occurring 
following the association of the receptor with DNA. The specific role of phosphory-
lation is currently unknown. Also, the mechanism by which the PRs can modulate 
the transcription of target genes is currently not determined [46, 50].

2.3.3  Strategies to Target the PR

Several antiprogestins have been developed and are being used for the treatment of 
a variety of endocrine-related disorders. Two of these compounds, namely, RU486 
(mifepristone) and ZK98299 (onapristone), are derived from 19-nor-testosterone, 
which strongly interact with the hormone-binding domain of the PR. Mifepristone 
is a partial agonist of the receptor, while onapristone is an antagonist and has never 
been marketed [48]. Telapristone, vilaprisan, and lonaprisan are synthetic, steroidal 
selective progesterone receptor modulators (SPRM), related to mifepristone. These 
are being evaluated for the treatment of BC, endometriosis, and uterine fibroids and 
are in phase II of clinical trials. However, the trails involving vilaprisan were stopped 
due to safety concerns. Telapristone and lonaprisan are in phase III of clinical trials. 
In addition to their activity as an SPRM, these drugs also exhibit antiglucocorticoid 
activity. ORG-31710 and ORG-31806 are the new antiprogestins, which are more 
potent than mifepristone and onapristone, and are presently in preclinical studies. 
No new molecules targeting the PR have been reported since 1990 [52].
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2.4  Triple-Negative BC (TNBC)

Triple-negative breast cancer is the one that is characterized by the absence of any 
specific endocrine target receptors, like the ER, PR, and HER-2. This subtype of BC 
accounts for 15–20% of all the newly diagnosed cases, worldwide, and is of com-
mon occurrence among the women of African-American and Hispanic origin [53]. 
Both TNBC and basal-like BC (BL-BC) exhibit identical features like large tumor 
size, stromal lymphocytic infiltration, geographic necrosis, and pushing borders of 
invasion. The TNBC is further grouped into various subtypes, depending on the 
genetic profiling of the BC patients, which include basal-like (39–54%), claudin 
low (25–39%), HER-2-enriched/molecular apocrine (7–14%), luminal B (4–7%), 
luminal A (4–5%), and normal breast-like (1%). When a combination of genome- 
wide serum miRNA expression and real-time PCR was employed for analyzing the 
serum samples of TNBC patients, a group of four miRNAs consisting of miR-18b, 
miR-103, miR-107, and miR-652 was identified as the trait of the disease relapse 
and overall reduced survival rate. This group of miRNAs is thus considered as the 
characteristic prognostic feature of TNBC, which can be identified using a mini-
mally invasive technique [54]. Most of the TNBC cases display higher relapse rates, 
a phenomenon commonly known as the TNBC paradox; therefore, apart from che-
motherapy, another promising approach to treat TNBC is cancer immunotherapy 
[54]. Several studies have marked an increase in the presence of tumor-infiltrating 
lymphocytes (TIL’s) at the site of the tumors. This phenomenon is exaggerated in 
TNBC tumors, as compared to the HER-2+ cancer. Programed cell death receptors 
(PD-1) are expressed on the activated T lymphocytes and play a pivotal role in 
immunological invasion of the tumors. Most of the cancer cells secrete PD-L1, a 
specific ligand for PD-1 receptors present on the lymphocytes, which bocks their 
functions. Altogether, it can be concluded that there is a strong rationale to thera-
peutically target TNBC along the PD-1/PD-L1 axis [55].

2.4.1  Chemotherapy for TNBC

TNBC is the most susceptible to treatment with chemotherapeutic agents. The current 
strategies employed for alleviating TNBC involve targeting of the DNA repair 
complexes, using taxanes and platinum agents, and controlling the cellular prolif-
eration with help of anthracycline-based chemotherapeutics. A strong association 
exists between the BRCA1 mutations and dysfunctional DNA repair and both are 
regarded as the hallmark of the disease. Therefore, there exists an enormous scope 
for platinum agents, due to their increased sensitivity in TNBC, as reported through 
many preclinical and clinical findings. A higher susceptibility has been noted for 
DNA-strand-disrupting agents like etoposide and bleomycin. p53 mutation is also 
a very peculiar attribute of TNBC, rendering TNBC susceptive toward anthracy-
cline therapy. The reports are quite controversial as resistance of p53 BCs against 
anthracycline therapy has also been reported [56].
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Neoadjuvant Therapy in TNBC

Neoadjuvant treatment regimen enables estimation of the treatment efficiency, in 
small patient populations, in a limited time frame. Higher response rates (RR) and 
complete pathological response (pCR) have been consistently reported in case of 
the neoadjuvant therapy. In case of neoadjuvant anthracycline- and taxane-based 
regimens, patients with TNBC demonstrated significantly higher pCR rates, as 
compared to the patients without TNBC. Also, the patients who achieved pCR had 
a prolonged disease-free survival (DFS). The neoadjuvant treatment with plati-
num agents has attracted lot of attention in TNBC patients who are positive for 
BRCA1. There exists a very strong histological similarity between BRCA1 and 
TNBC [57, 58]. Preoperative clinical trials conducted with a combination of pacli-
taxel and cisplatin clearly depicted a relapse rate of only 28%, while a partial 
relapse rate of 63% was reported in patients who were ER and HER-2 negative 
[59]. Some newer semi- synthetic analogs of the anticancer agent epothilone B, 
like ixabepilone, have also been explored in neoadjuvant therapies. Ixabepilone 
has a tendency to bypass resistance related to drug efflux pumps and β tubulin-
associated paclitaxel resistance [60, 61].

Adjuvant Therapy for TNBC

TNBC has a very rapid reoccurrence period of less than three years and can metas-
tasize to the CNS due to the nonvalidated targeted therapies. High-dose regimen of 
anthracyclines and cyclophosphamide (AC), in tandem, have led to a five-year, 
event-free survival rates in 71% of patients, as compared to only 26% in TNBC 
patients treated with only the conventional therapy. On other hand, patients with 
high expression of HER-2 benefited from the anthracycline-based treatment 
options; however, their efficacy in TNBC is questioned due to higher relapse rates 
[62, 63]. Furthermore, a combination of cyclophosphamide, methotrexate, and 
fluorouracil (CMF) was more effective than the combination of cyclophosphamide, 
epirubicin, and fluorouracil (CEF), in the adjuvant setting, wherein the CMF arm 
displayed a distinct improvement [64]. When the combination of AC and paclitaxel 
was evaluated in patients with node-positive operable BC, it resulted in about 17% 
reduction in the risk of recurrence and about 18% reduction in risk of death due to 
the disease. Some other chemotherapeutic agents, like capecitabine, have been 
underutilized in TNBC. When the standard adjuvant chemotherapy of CMF or AC 
was compared with capecitabine, in women over 65 years of age, capecitabine was 
observed to be less efficacious mainly because of the heterogeneous nature of 
TNBC [17]. However, addition of capecitabine to taxanes and anthracyclines, as an 
adjuvant, was found to be effective in TNBC patients, as indicated by the subgroup 
analysis of two large randomized trials. Poly (ADP-ribose) polymerase 1 (PARP1) 
has been explored as a novel target against TNBC. The PAPR1 gene controls the 
expression of chromatin- associated enzymes involved in the modification of vari-
ous nuclear proteins [65, 66]. Inhibition of PAPR1 thus leads to breakage of DNA 
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strands. Under normal conditions, these are corrected by BRCA1 and BRCA2. 
Therefore, cells with dysfunctional BRCA1 and BRCA2 are more sensitive toward 
PAPR1 inhibitors like iniparib [38].

2.4.2  Targeted Therapy in TNBC

Mammalian targets of rapamycin are known to improve outcomes in several types 
of cancers, including renal cancer. TNBC exhibits a higher prevalence of phospha-
tase and tensin homolog, PTEN, with consequent mTOR activation. This provides 
a strong rationale for employing mTOR inhibitors in TNBCs that exhibit a loss of 
PTEN. According to the recent in vitro studies, addition of everolimus to cisplatin 
increased the latter’s efficiency against TNBC [67]. Antibodies like cetuximab are 
specific against EGFR and diminish its signaling in several types of cancer. 
Cetuximab has shown little advantage as a monotherapy in advanced clinical inves-
tigations for TNBC. Therefore, the role of cetuximab in TNBC is being evaluated 
in combination with carboplatin, in the metastatic setting [68, 69]. Genomic profil-
ing studies have confirmed that TNBC is a heterogeneous disease. Based on the 
RNA and DNA profiling, TNBC has been classified as luminal-AR (LAR), mesen-
chymal (MES), basal-like immune-suppressed (BLIS), and basal-like immune-
activated (BLIA) TNBCs. The targets for these specific disease subtypes include 
the androgen receptor and the cell surface mucin, MUC1, for LAR, the growth 
factor receptors (PDGF receptor A; c-Kit) for MES, an immune suppressing mol-
ecule (VTCN1) in case of BLIS, and Stat signal transduction molecules and cyto-
kines in case of BLIA [70].

3  Ongoing Clinical Trials for BC

Development of a holistic therapy for BC exploiting underutilized potential of the 
aforementioned receptors remains an uphill task. However, some novel targets and 
new permutations of known therapeutic moieties are being investigated in clinical 
settings to enhance survival rate in BC patients. Some of these recent clinical trials, 
along with their outcomes, have been provided in Table 3.1.

4  Formulation Approaches for Targeting BC

Majority of the deaths in BC are due to distant metastasis of the tumor, via blood 
stream or lymphatic system, to other visceral organs like lungs, liver, and lymph 
nodes. Incomplete eradication of tumorous cells and responsive toward standard 
line of treatment can cause manipulation of cellular genome, promoting the 
development of resistance. The chances of disease relapse are higher in such cases, 
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which usually become disease-resistant and pose a serious threat to the limited 
treatment modalities available. The major hurdles in BC prognosis and treatment 
arise due to the presence of certain ATP-binding cassettes (ABC) and higher expres-
sion of certain proteins like P-glycoprotein (P-gp/ABCB1), ABCG2, and BCRP, 
which confer multidrug resistance to the tumorous cells. There are two obvious 
approaches to enhance the outcomes of drug therapy in case of BC; first, the devel-
opment of new and better drugs, and second, more effective and safer use of the 
drugs. The second solution is more promising and practical, due to which the devel-
opment of novel delivery systems and techniques is at the forefront of research and 
development. Various drug-delivery systems like nanocapsules, nanospheres, poly-
meric and inorganic nanoparticles, liposomes, and other micellar formulations are 
being investigated to tackle BC. A brief overview of such systems is provided in 
Table 3.2. Apart from antibodies and proteins for selective targeting of BC, several 
drugs have been approved by FDA, till date. These may be classified into three main 
categories:

4.1  Drugs that prevent BC: Raloxifen hydrochloride (Evista), tamoxifen citrate 
(Nolvadex, Soltamox)

4.2.  Drugs approved to treat BC: Fulvestrant (Faslodex), doxorubicin hydrochlo-
ride, letrozole (Femara), etc.

4.3  Drug combinations for BC: AC (doxorubicin hydrochloride (adriamycin) and 
cyclophosphamide), AC-T combination (doxorubicin hydrochloride (adriamy-
cin) and cyclophosphamide with paclitaxel (Taxol), CAF (cyclophosphamide, 
doxorubicin hydrochloride (adriamycin), fluorouracil), CMF (cyclophospha-
mide, methotrexate, and fluorouracil), FEC (fluorouracil, epirubicin hydrochlo-
ride, cyclophosphamide), and TAC (docetaxel (taxotere), doxorubicin 
hydrochloride (adriamycin), cyclophosphamide).

5  Conclusion

Receptors are employed as a means of selective targeting, in the management of 
BC. Estrogen receptor, progesterone receptor, and HER-2 receptor are well-known 
targets involved in endocrine therapy against BC. The complex and heterogeneous 
nature of the disease makes it imperative to identify and exploit novel targets for 
treatment of patients. It has been reported by many researchers that combined tar-
geting of two or more receptors at a time, like HER-2 and ER, can arrest cellular 
growth in BC and can check the cancer progression. Upsurge in the number of 
drug-resistant cases, as also in certain cases of receptor-targeted therapies, further 
signifies the need to explore alternate receptors to treat BC. Innovative treatment 
methods involving exploration of delivery platforms using fabricated protein struc-
tures, which can exploit tumor-specific physiology for targeting, have been under-
utilized. Moreover, a consolidated plan for disease diagnosis and therapy is the 
need of this hour. Discoveries related to receptor targeting of BC should be 
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prioritized for clinical evaluation which would bring about a paradigm shift in 
treatment approaches. On the other hand, understanding the biological heterogene-
ity of disease will give personalized approach for treatment of BC, realizing the 
goal of long- term survival and improved quality of life in BC patients.
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Chapter 4
Cancer of Reproductive System: Receptors 
and Targeting Strategies

Manish Gore, Amita Puranik, Abhishek Indurkar, Bismita Sonowal, 
Padma V. Devarajan, Ratnesh Jain, and Prajakta Dandekar

Abstract Carcinogenesis in the different organs of the reproductive system, 
particularly, prostate, ovarian, and cervical tissues, involves aberrant expression of 
various physiological receptors belonging to different superfamilies. This chapter 
provides insights into the physiological receptors that are associated with the gene-
sis, progression, metastasis, management, as well as the prognosis of the cancers of 
the male and female reproductive systems. It also highlights the structural and bind-
ing characteristics of the highly predominant receptors, namely, androgen, estrogen, 
progesterone, and gonadotropin-releasing hormone (GnRH) receptors, which are 
overexpressed in these cancers and discusses various strategies to target them.
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CDK Cyclin-dependent kinase
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CRPC Castrate-resistant prostate cancer
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EGF Epidermal growth factor
EGFR Epidermal growth factor receptor
EOC Endometrial ovarian cancer
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ERE Estrogen response elements
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GNRHR Gonadotropin-releasing hormone receptor
GPCR G-protein-coupled receptor
GPER G-protein estrogen receptor
HER-2 Human epidermal growth factor receptor-2
HPG Hypothalamic–pituitary gonadal (axis)
HPV Human papilloma virus
HRE Hormone response elements
HSP Heat shock proteins
i.m. Intramuscular
LBD Ligand-binding domain
LBP Ligand-binding pocket
LH Luteinizing hormone
LHR Luteinizing hormone receptor
mAbs Monoclonal antibodies
MCRPC Metastatic castrate-resistant prostate cancer
NLS Nuclear localization signal
NTD N-terminal transcription regulational domain
P4 Progesterone
PR Progesterone receptor
PRB Retinoblastoma protein
PRE Progesterone response elements
PSA Prostate-specific antigen
PSGR Prostate-specific G-protein-coupled receptor
PSMA Prostate-specific membrane antigen
PSMAA Prostate-specific membrane aptamers
RES Reticulo-endothelial system
RP2D Recommended phase 2 dose

M. Gore et al.



111

s.c. Subcutaneous
SAR Structure–activity relationships
SARM Selective androgen receptor modulators
SCID Severe combined immunodeficiency
SERM Selective estrogen receptor modulators
SMA Styrene–maleic scid
SMA-RAL SMA-encapsulated raloxifene
SPRM Selective progesterone receptor modulators
TMD Transmembrane domain

1  Introduction: Reproductive System-Related Cancers

Cervical and ovarian cancers are the fourth most and the seventh most common 
cancers in women, with a global prevalence of approximately 3.7 percent and 1.7 
percent, respectively [1–3]. The prostate cancer is considered as the fifth leading 
cause of cancer-associated mortality in men, with a global prevalence of about 7.9 
percent [3, 4]. The risk factors for cancers related to reproductive system include 
but not limited to endogenous factors such as genetic history, race, aging, hor-
monal imbalance, and exogenous factors such as inappropriate diet, unhealthy 
lifestyle, and environmental and occupational factors. Moreover, cervical cancer 
risk factors are extended to the infection of human papilloma virus (HPV), 
extended usage of contraceptives, age of menarche and menopause, unsafe sexual 
activities such as sexual intercourse at an early stage and multiple sexual partners 
[1, 5–12]. This chapter provides a detailed overview of the structural, pharmaceu-
tical, and clinical aspects of the agents discovered to target the dominant receptors 
involved in the development, treatment, and prognosis of the reproductive 
neoplasia.

2  Overview: Receptors Associated with the Cancers 
of the Reproductive System

Table 4.1 lists the receptors that are ubiquitous in various cancers of the repro-
ductive system, specifically during their prognosis, diagnosis, progression, and 
therapy.

The subsequent discussion is focused on four principal receptors that display a 
significant expression pattern during the genesis, diagnosis, treatment, and progno-
sis of the reproductive neoplasia.
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Table 4.1 Receptors associated with the prognosis, diagnosis, progression, and therapy of the 
cancers of the reproductive system

Type of receptors Cervical cancer Ovarian cancer Prostate cancer

Ion channel 
receptors 
(inotropic)

P2 receptors: P2X4, 
P2X7 [13–15]

P2 receptors: P2X7 
[13, 14]

P2 receptors: P2X4, 
P2X5, P2X7 [13, 14]
NMDA (N-methyl-D- 
aspartate) receptor [16]
GABAa receptor [17]

G-protein-coupled 
receptors (GPCRs) 
(metabotropic)

Endothelin-1: (ETAR) 
[18–20]
Protease-activated 
receptor-2 (PAR-2) 
[21]
Gastrin-releasing 
peptide receptor 
(GRPR) [22, 23]
G-protein-coupled 
estrogen receptor-1 
(GPER-1) – prognostic 
maker for early-stage 
cancer [7]
Folate receptor subtype 
alpha (FRα) [24]

Endothelin-1: (ETAR) 
[19, 25, 26]
Protease-activated 
receptor-1 and 2 (PAR 
1 and 2) [27, 28]
β-Adrenergic receptor 
[29]
Gastrin-releasing 
peptide receptor 
(GRPR) [30, 31]
G-protein-coupled 
estrogen receptor-1 
(GPER-1) [32, 33]
Folate receptor – FRα 
and Reduced Folate 
Carrier (RFC) [34]
Follicle-stimulating 
hormone receptor 
(FSHR)
Luteinizing hormone 
receptor (LHR)
Gonadotropin- 
releasing hormone 
receptor (GnRHR)
Thyroid-stimulating 
hormone receptor 
(TSHR)
Kisspeptin receptor
Angiotensin II type 1 
receptor [2]
Serotonin (5-HT) 
receptors – 5-HTR1A, 
5-HTR1RB, 
5-HTR2B, 5-HTR4 
[35]

Endothelin-1: (ETAR) 
[19, 36, 37]
Protease-activated 
receptor-1, 2, and 4 
(PAR-1, 2, and 4) 
[38–40]
β-Adrenergic receptor 
[29, 41]
Gastrin-releasing peptide 
receptor (GRPR) [31, 42]
G-protein-coupled 
estrogen receptor-1 
(GPER-1) [33]
Prostate-specific 
G-protein-coupled 
receptor (PSGR)-PSGR2 
[43, 44]
G-protein-coupled 
receptor-158 (GPR158) 
[45]
Lysophosphatidic acid 
(LPA)-1 receptor [46]
Gonadotropin-releasing 
hormone receptor 
(GnRHR) [47]
Serotonin (5-HT) 
receptors – 5-HTR1A, 
5-HTR1RB, 5-HTR2B, 
5-HTR4 [48, 49]

(continued)
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3  Predominant Receptors in Reproductive System-Related 
Cancers

3.1  Nuclear Receptors

Nuclear receptors comprise a family of transcription factors that get activated due to 
the binding of the lipophilic ligands, to carry out reproduction, development, 
homeostasis, and metabolism. They act by responding to the signals generated by 
the steroid hormones and regulate the expression of the target genes [75–77].

3.1.1  Steroid Sex Hormone Receptors

The organs of the reproductive system serve as the primary sites of action of sex 
steroid hormones, such as the estrogen, progesterone, and androgen. These hor-
mones are responsible for mediating the developmental activities and physiological 

Table 4.1 (continued)

Type of receptors Cervical cancer Ovarian cancer Prostate cancer

Tyrosine kinase 
receptors

Human epidermal 
growth factor receptor 
(HER-2)/neu [50]
Epidermal growth 
factor receptor (EGFR) 
[51]
Insulin-like growth 
factor-I receptor 
(IGF-IR) [52]
Vascular endothelial 
growth factor (VEGF) 
receptor [53]
Prolactin receptor 
(PRLR) [54]
Hepatocyte growth 
factor/(cMET) [55]
Fibroblast growth 
factor receptor (FGFR) 
[56]

HER-2/neu receptor 
[57]
Epidermal growth 
factor receptor 
(EGFR) [58]
Insulin-like growth 
factor-I receptor 
(IGF-IR) [59]
Vascular endothelial 
growth factor (VEGF) 
receptor [53]
Hepatocyte growth 
factor/(cMET) [60]
Fibroblast growth 
factor receptor 
(FGFR) [61]

HER-2/neu receptor [62]
Epidermal growth factor 
receptor (EGFR) [63]
Insulin-like growth 
factor-I receptor 
(IGF-IR) [64]
Vascular endothelial 
growth factor (VEGF) 
receptor [65]
Hepatocyte growth 
factor/(cMET) [60]
Fibroblast growth factor 
receptor (FGFR) [66]

Nuclear receptors Estrogen receptor (ERα 
and ERβ)
Progesterone receptor 
(PR): PR-A, PR-B [1]
Vitamin-D receptor 
(VDR) [67]
Retinoic acid receptor 
β [68]

Estrogen receptor
(ERα and ERβ)
Progesterone receptor 
(PR): PR-A, PR-B [1, 
69]
Androgen receptor 
(AR)
Vitamin-D receptor 
(VDR) [67]
Retinoic acid receptor 
[70]

Androgen receptor (AR) 
[71]
Estrogen receptor (ERβ) 
[72]
Progesterone receptor 
(PR) [73]
Peroxisome proliferator- 
activated receptor- 
Gamma (PPARγ) [74]
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functions of the male and female reproductive systems. They exert their functions 
through the action of steroid hormone receptors, namely, the estrogen (ER), proges-
terone (PR), and androgen (AR) receptors, respectively. Aberrations in their expres-
sion and/or in the factors regulating them, termed as coregulators, lead to either 
activation or suppression of their transcription machinery, eventually impacting 
their physiological functions. These abnormalities trigger a cascade of pathological 
changes in vivo, thereby resulting into carcinogenesis [78, 79].

ER-subtype α (ERα) and PR receptors play a pivotal role in the pathophysiol-
ogy of cervical cancer. The PRs were found to exhibit tumor-suppressive proper-
ties in cervical cancer [1, 7]. In the case of ovarian malignancy, ERα expression 
provided a better prognosis, while the role of ERβ was insignificant. On the other 
hand, an elevated PR expression was observed to improve the survival rate in 
patients with endometrial ovarian cancer (EOC) [80]. The activity of AR has been 
closely linked to the prostatic carcinogenesis. The biochemical pathway of AR, the 
principal regulator of prostatic cancer, is perturbed during the carcinogenesis. 
Castration-resistant prostate cancer (CRPC), an advanced stage of the disease 
which is nonresponsive to hormone deprivation therapy, occurs due to increase in 
sensitivity of the AR to the agonists, mutations in the receptor, ligand-independent 
activation of the ARs, etc. [71]

3.2  G-Protein-Coupled Receptors

3.2.1  Gonadotropin-Releasing Hormone Receptor (GnRHR)

GnRH-I, produced in vivo, by the GnRHR (located in the hypothalamus) stimu-
lates the secretion of the gonadotropins, namely the luteinizing hormone (LH) and 
the follicle-stimulating hormone (FSH), which further regulate the in vivo levels 
of sex hormones [81]. The GnRHR is also expressed in the CRPC [82]. Primary 
cultures of ovarian carcinomas and biopsy specimens of malignant ovarian tissue 
have revealed the predominant expression of the GnRHR receptor (>80%), signi-
fying its role in the genesis of malignancy and metastasis. The GnRHR has also 
been speculated to be associated with the early phases of ovarian carcinogenesis, 
including cell migration and invasion [83]. It was observed that administration of 
GnRH-1 agonists and antagonists lead to the downregulation and inactivation of 
GnRHR, respectively. As a result, the GnRH agonists cause inhibition of cell pro-
liferation, metastasis, and angiogenesis. Moreover, the GnRH antagonists also 
possess antineoplastic activity [81, 82]. Thus, exploration of the structure and 
regulation of the GnRHRs in cancers of the reproductive system may enhance 
their applicability, as a target receptor, for the discovery of new-age anticancer 
therapeutics.

Understanding the structure and the binding chemistries of these receptors and 
reviewing the potential of targeting it may pave the way to the discovery of the 
breakthrough anticancer therapies in the near future.

M. Gore et al.
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4  Predominant Receptors in Cancers Related 
to Reproductive System: Structural Attributes

4.1  Androgen Receptor

Androgen receptor (AR), a 110-kDa protein, is a ligand-activated transcription factor 
belonging to the family of steroid hormone nuclear receptors [71]. AR, expressed in 
prostate, is activated by binding of endogenous androgens, such as testosterone and 
5α-dihydrotestosterone (5 α-DHT). Functional AR is responsible for in vivo male 
sexual differentiation and occurrence of pubertal changes [84].

This receptor mediates normal growth and development of the prostate gland and 
also plays a vital role in the prostatic carcinogenesis and its progression to an 
androgen- independent disease. Androgen-independent stage of prostate cancer 
(e.g., CRPC) has been observed due to the activation of the AR receptor by overex-
pression of gene and cofactors, gene mutations, splice variants, and intracrine syn-
thesis of androgen [85, 86]. In addition, AR is also expressed in the different 
subtypes of ovarian and cervical cancers [87, 88].

4.1.1  Androgen Receptor: Recognition Domain and Receptor Pathway

The AR modular protein consists of four distinct domains, namely, the ligand- 
binding domain (LBD), the hinge domain, the DNA-binding domain (DBD), and 
the N-terminal transcriptional regulation/amino-terminal domain (NTD). NTD is 
the most variable region, whereas DBD and LBD are highly conserved among dif-
ferent receptors of the steroid hormone nuclear receptor family. The LBD, the key 
recognition domain of AR, is arranged in three layers and comprises eleven 
α-helices, particularly, H1–H11, except H2, which results into formation of an anti-
parallel “α-helical sandwich.” The ligand-binding pocket (LBP) is formed by H5, 
C-terminal of H10 and H11, and N-terminal of H3. The activation function (AF)-1, 
located at the N-terminal, is not conserved in the sequence and is ligand- independent, 
whereas AF-2, at the C-terminal, is conserved and ligand-dependent. The nuclear 
localization signal (NLS) is located between the DBD and the hinge region [71, 
89, 90].

The Genomic Pathway of AR

Unbound AR exists in an inactive state in the cytoplasm, in complexation with the 
heat shock proteins (HSP) such as HSP90. Upon binding to a ligand/agonist, it gets 
activated and dissociates from the HSP and undergoes dimerization and phosphory-
lation. Binding of an agonist leads to the formation of the AF-2 region on the sur-
face of LBD. Upon ligand binding, AF-2 interacts with the amino-terminal motifs 
of the receptor, which leads to an establishment of N/C intradomain crosstalk, 
thereby leading to receptor stabilization, enhanced DNA-binding affinity, and 
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reduced ligand dissociation, a phenomenon exclusively observed in the AR, unlike 
other steroid receptors. AF-2 domain also recruits coregulatory proteins to an acti-
vated AR, thereby contributing to its overall function. H12, the core structure of 
AF-2, acts as a lid to close LBP, upon binding of the agonist. Further, the NLS gets 
exposed upon the ligand/agonist binding and interacts with importin-α. This leads 
to translocation of AR from cytoplasm to the nucleus. DBD facilitates interaction of 
the translocated receptor with the DNA at specific recognition sites. These sites, 
located in the promoter and enhancer regions of the AR target genes, consist of 
consensus sequences and are termed as androgen response elements (ARE). Access 
of AR to the target chromatin requires concerted action of certain transcription fac-
tors. AF-1 and AF-5 of NTD mediate the transcriptional activity by recruitment of 
coactivator complexes and transcription machinery, essential to regulate the expres-
sion of the target genes. Selective recognition of specific ARE sequences is regu-
lated by the ligand-binding and/or presence of other transcription factors [84, 
89–91]. Figure  4.1a provides a schematic layout of the structure of the steroid 
receptor (SR) and its pathway of transactivation after binding of the ligand.

4.1.2  Ligands and Their Structure–Activity Relationships (SAR) 
for Selective Binding to AR

Ligands modulate their action by binding to the LBP of LBD. The AR is capable to 
accommodate a large variety of ligands by modifying the volume of LBP [71]. 
Testosterone (Fig. 4.2a) and DHT (Fig. 4.2b) are the physiological ligands of the 
AR [89]. Carbon atoms of the testosterone skeleton have been numbered in order to 
provide basis for the SARs with various ligands and their derivatives [71]. Synthetic 
derivatives of testosterone have been prepared to enhance oral bioavailability. It is 
essential for the ligand (natural/synthetic) to contain a steroidal skeleton for retain-
ing the androgenic activity. Hydrophobic amino acid residues in the LBP interact 
with the steroid scaffold. A/B ring junction usually has “trans” stereochemistry. 
17β-OH atom is essential for ligand–receptor interaction via formation of a hydro-
gen bond with the amino acid residues [71, 89].

Fig. 4.1 (a) Schematic of the structure and genomic pathway of the Steroid Receptor (SR) acti-
vated upon binding of the ligand (e.g., hormone). Binding of the ligand causes activation of the 
HSP-90-bound SR that undergoes nuclear translocation, dimerization, and then binds to the hor-
mone response elements (HRE) by the action of cofactors/coactivators, thus resulting into transac-
tivation and transcription of the target genes. The enlarged view of the SR reveals different 
structural domains, namely, N-terminal domain (NTD), DNA-binding domain (DBD), Hinge 
region (H), and ligand-binding domain (LBD), wherein each domain is capped by N-termini and 
C-termini amino acid residues. Presence of NLS, AF-1, and AF-2 domains has also been indicated. 
(b) Schematic representation of GnRHR and intracellular pathway activated on binding of 
GnRH. Binding of the ligand activates the receptor. The latter binds to GTP-linked proteins, or 
G-proteins. Gαq/11, a subunit of G-proteins, activates phospholipase C, which then hydrolyzes 
phosphatidylinositol-4,5-bisphosphate (PIP2) to inositol triphosphate (IP3) and diacylglycerol 
(DAG). DAG activates protein kinase C (PKC), further leading to cascade of intracellular events, 
operating through activation of phospholipase A2, ultimately leading to Gonadotropin biosynthe-
sis and release
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Fig. 4.1 (Caption on p. 116)
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4.2  Estrogen Receptor

Estrogens naturally occur in three different forms in females, namely, estradiol (E2) 
(Fig. 4.2d), estriol, and estrone. It exerts its action through the estrogen receptors 
(ERs), which belong to the steroid hormone superfamily of nuclear receptors. ERs, 
occurring in two forms, ER-α and ER-β, act as ligand-activated transcription fac-
tors, upon binding to the endogenous ligands [92–94]. Expression of estrogen and 
its receptors have been very well documented in prostate, ovarian, and cervical can-
cers. ER-α and ER-β have been reported to play oncogenic and antioncogenic roles 
in the pathogenesis of prostate cancer. The aberrant expression of the enzymes 
involved in steroid biosynthesis and metabolism, such as aromatase and 5-α reduc-
tase, has also been implicated in prostatic malignancy [72, 95]. This chapter will 
further provide insights into the structural aspects of the receptor and its SAR with 
the ligands.

4.2.1  Recognition Domain and Receptor Pathway of ER

ER-α (66-kDa protein) is predominantly expressed in the reproductive tract, 
whereas ER-β (54-kDa protein) primarily occurs in the vascular endothelial cells, 
bones, and male prostatic tissues. The ER receptor consists of an NTD, DBD, 

Fig. 4.2 Structure of ligands/chemical agents and action on the predominant receptors of cancers 
of the reproductive system. Carbon atoms and hydrophobic rings have been numbered wherever 
necessary. (a) Testosterone, (b) Dihydrotestosterone, (c) Cyproterone acetate, (d) Estradiol (E2), 
(e) Progesterone (P4), and (f) GnRH decapeptide
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hinge region, and LBD. The NTD stimulates transcription from particular estro-
gen-responsive promoters via AF-1. DBD binds to estrogen response elements 
(ERE) in the target DNA, while the hinge region contains nuclear NLS. The LBD 
and AF-2 activate the gene expression in response to ligand binding. The classical 
genomic pathway results in the formation of estrogen-dependent, nuclear ER 
homo- or heterodimers, such as ER-α/ER-α, ER-β/ER-β, and ER-α/ER-β, respec-
tively. Further, these dimers subsequently bind to the estrogen response element 
(ERE) sequences located in the promoter region of estrogen-responsive genes, 
resulting in the recruitment of coregulatory proteins (coactivators or corepressors) 
to the promoter. This leads to either an enhancement or reduction in the mRNA 
levels, further impacting the production of associated proteins and eventually the 
physiological response [89, 96].

4.2.2  Ligands and Their Structure–Activity Relationships for Selective 
Binding to ER

A vast array of compounds acting as ligands for the ER-α and ER-β receptors have 
been classified as endo-estrogens (E2), phytoestrogens (Resveratrol), xenoestro-
gens (Mestranol), metalloestrogens (copper (Cu2+), etc. [89, 97, 98].

Recognition of the binding of endo-estrogen (E2) to ER is achieved partly by 
intermolecular hydrogen binding and van der Waals interactions with the receptor 
[97]. The aromatic A ring, C-3 and 17β hydroxyl groups and the distance between 
them, and planar hydrophobic structure are essential for estrogenic activity. On the 
other hand, substitution at C-1, hydroxylation at C-6, 7, and 11, removal of oxygen 
from C-3 or C-17, and epimerization of 17-β-hydroxyl group of E2 to α-configuration 
lead to reduction in the activity [89, 99].

4.3  Progesterone Receptor

Progesterone (P4; represented in Fig. 4.2e) and progesterone receptors (PRs) are 
necessary for the development of hormone-responsive tissues such as breasts and 
other organs of the reproductive tract. It is responsible for ovulation, embryo 
implantation, pregnancy, development of the mammary gland, and sexual differen-
tiation and behavior. The hormone inhibits the proliferative action of estrogen in the 
reproductive tissues, such as endometrium and ovary, thus preventing them from 
undergoing neoplastic transformation [100, 101]. PRs, existing as two isoforms, 
namely PR-A ((molecular weight of 94  kDa) and PR-B (molecular weight of 
114 kDa), are ligand-activated transcription factors, belonging to the superfamily of 
steroid hormone nuclear receptors. PR-B is referred to as full length and dominant 
receptor, while PR-A is the N-terminal truncated version [102, 103]. Both the 
isoforms suppress proliferation of the prostate stromal and cervical cancer cells 
[1, 104]. PR overexpression is associated with favorable prognosis in women with 
ovarian malignancies [105].
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4.3.1  Recognition Domain and Receptor Pathway of PR

The PR receptors share common structural elements with other steroid receptors, 
namely, NTD, DBD, hinge region, and LBD. The NTD is responsible for ligand- 
independent transcriptional activation and harbors a highly variable AF-1 domain. 
The DBD binds to the progesterone response elements (PREs) located in the target 
DNA. The hinge region contains NLS, while the LBD and a highly conserved AF-2 
domain are responsible for the ligand-mediated transactivation of the gene expression, 
via the genomic pathway. The LBD or the primary recognition domain comprises a 
hydrophobic LBP, to facilitate ligand binding. The genomic pathway operates on 
binding of P4, which causes conformational change in the PR, thereby transforming 
it into an active transcriptional factor. As a result, receptor phosphorylation occurs and 
the PR undergoes dimerization (homo/hetero) and nuclear translocation, to further 
interact with the PREs. This also leads to the recruitment of coactivators that mediate 
gene transcription. It has been reported that PR-A and PR-B possess opposite tran-
scriptional activities and the overall response of P4 is dependent on the relative in vivo 
levels of PR-A and PR-B. 5α-reductase and 20α-hydroxysteroid dehydrogenase are 
responsible for the metabolic conversion of P4 to a more active or less active form, 
before interaction with the receptors in the target cells [89, 102, 106].

4.3.2  Ligands and Structure–Activity Relationships for Selective Binding 
to PR

P4 is an endogenous ligand of the PR receptors. The progestin activity is confined 
to the molecules having a steroid nucleus. The synthetic progestins have been cat-
egorized into two classes, namely, the androgens (19-norandrostane or estrane 
derivatives), and 17 α-hydroxyprogesterones. In case of the compounds belonging 
to the androgen category, 17α-substituents like ethyl, methyl, etc., lead to increase 
in the oral bioavailability (e.g., Ethisterone). Removal of the methyl group at C19 
position and chlorination at C21 or methylation at C18 provided norethisterone, 
whose activity was further enhanced by chlorine substitution at C21 or by the addi-
tion of methyl group at C18 (e.g., Norgestrel). Acylation of 17β-hydroxyl group of 
Norethisterone extended the duration of its action. Synthetic progestins include 
medroxyprogesterone acetate and norethisterone (first generation), norgestrel and 
levonorgestrel (second generation), etonogestrel and nosgestimate (third generation), 
drospirenone and trimegestone (fourth generation), etc. [89].

4.4  Gonadotropin-Releasing Hormone Receptor (GnRHR)

The GnRH (Fig.4.2f) is a decapeptide that plays a pivotal role in regulating the 
reproductive functions by functioning through the hypothalamic–pituitary gonadal 
(HPG) axis. The action of GnRH is mediated by the action of GnRHR, which 
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belongs to the rhodopsin-like GPCR superfamily. GnRHR is expressed in various 
reproductive cancers, such as the prostate, ovarian, endometrial, and the breast can-
cer, as well as the nonreproductive cancer types. In these tumors, the GnRH func-
tions as a paracrine–autocrine growth factor and displays a strong anticancer 
activity. The GnRHR (for 3D structure, refer to Flanagan C.A. et al.) consists of 
seven transmembrane (TM) domains, as well as an extracellular amino-terminal 
domain that contains 35 amino acids, along with two putative glycosylation sites. 
However, it lacks the carboxy-terminal cytoplasmic tail resulting in slow internal-
ization and desensitization of the receptor. The membrane-spanning segments are 
highly conserved, while the loops and the termini constitute to be the variable 
regions [47, 82, 107, 108].

4.4.1  Gonadotropin-Releasing Hormone Receptor: Recognition Domain 
and Receptor–Ligand Interactions

The receptor (R) exists in an equilibrium between an inactive R, which does not 
activate G proteins and is stabilized by an antagonist, and an active R∗ conforma-
tion, which activates G proteins and is stabilized by agonists, depending on the 
presence or absence of the ligand. The ligands of the receptor interact with the vari-
able, extracellular half of the receptor molecule. The membrane-spanning receptor 
domain transmits the signal generated upon ligand binding to the cytosolic receptor 
surface, which further interacts with the G protein. The GnRHR must exist in a 
silent state that does not activate the G protein, in order to transduce the signals 
mediated by agonists across the cell membrane. Binding of the agonist causes tran-
sition from the silent state and leads to the binding and activation of G proteins, situ-
ated on the opposite side of the cell membrane. Thus, agonists like GnRH act as 
allosteric activators of the receptor. The primary features of the inactive form of the 
receptor include closed G-protein-binding pocket, a hydrogen-bonding network, 
and a hydrophobic barrier. Binding of the ligand activates the receptor, causing rota-
tion and change in the interfaces of specific TM segments, leading to opening of the 
hydrophobic barrier, movement of specific amino acid residues toward the interior 
of the TM bundle, and ultimately opening of the cytoplasmic surface cleft that 
allows contact and binding of the G-proteins [108]. The structure of the recognition 
domain or LBD of the receptor, involved in binding, depends on the type of the 
ligand such as a neurotransmitter, a glycoprotein hormone, and a peptide. In the 
case of a neurotransmitter, the TM domains (TMDs) themselves form the LBP to 
facilitate ligand binding. The amino-terminal domain of the receptor, encompassing 
the high-affinity ligand-binding site, has been reported to be recognition domain for 
glycoprotein hormones. A high-affinity binding site for the peptide-based ligands 
include both extracellular and TM residues [109].
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4.4.2  Gonadotropin-Releasing Hormone Receptor Pathway

Binding of the hormone causes coupling of GnRHR to Gαq/11 protein, which stimu-
lates the phospholipase Cβ (PLCβ) activity. This leads to the enhancement of intra-
cellular levels of inositol triphosphate (IP3) and diacylglycerol (DAG), further 
causing intracellular mobilization of Ca2+ ions and activation of the protein kinase C 
(PKC). These downstream effects lead to the activation of various signaling path-
ways, which operate through the MAPK reaction cascade. Phospholipase D and 
phospholipase A2 are also activated in a sequential manner. These biochemical path-
ways are vital in eliciting the GnRH-mediated downstream effects, such as gonado-
tropin synthesis and secretion [47]. Figure 4.1b provides a schematic representation 
of the GnRHR, a GPCR, and the intracellular pathway activated upon binding of 
GnRH to the receptor.

4.4.3  Structure–Activity Relationships for Selective Ligand Binding 
to GnRHR

Amino- and carboxy-terminal residues are critical for receptor binding and activa-
tion. The presence of achiral glycine (Gly) or D-amino acids is essential at position 
6, to facilitate active conformation in the folded state. His2, Trp3, as well as pGlu1 of 
the GnRH decapeptide possess significant roles in receptor activation. Substitution 
of amino acid residues located outside the amino-terminal domain is speculated to 
affect the receptor activation, due to the conformational changes in the ligand that 
may occur upon binding to the receptor [110].

The subsequent section of the chapter highlights the approaches explored for 
receptor targeting as well as an overview of mechanisms involved therein.

5  Approaches for Receptor Targeting: Relevance to Cancers 
of Reproductive System

Table 4.2 provides an overview of drug molecules developed to target receptors 
predominantly expressed in the cancers of the reproductive system. Fig.4.3 provides 
a schematic layout of the classification of the agents (ligands, agonist, antagonists, 
modulators, etc.), either endogenously present and/or synthesized for targeting to 
the aforementioned receptors.

5.1  Mechanisms of Receptor Targeting and Implications 
in Cancers of Reproductive System

Several mechanisms employed for targeting receptors predominantly expressed in 
the cancers of reproductive system have been summarized and supported by relevant 
case studies in this section.
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5.1.1  Prodrug Approach

The limitations of chemotherapy, such as toxicity and lack of selectivity, can be 
addressed with different approaches that selectively target the existing drugs to the 
malignant cells and through the development of nontoxic forms of anticancer 
agents, which may be specifically activated in the tumor tissues. Selective activation 
of prodrugs into active anticancer agents, in the vicinity of tumor tissues, can be 
mediated either by metabolic activity or by spontaneous chemical breakdown. 
Investigations have been carried out for targeting advanced mCRPC by prodrug 
approach by means of targeting prostate cancer-specific antigens such as prostate- 
specific antigens (PSA), prostate-specific membrane antigens (PSMA), CD147, 
heat shock proteins (HSPs), leutinizing hormone-releasing hormone (LHRH) recep-
tor, epithelial cell adhesion molecules, etc., and prostate-specific enzymes such as 
cathepsin or matrix metalloproteinase. Numerous PSMA-targeting molecules, 
which include monoclonal antibodies (mAbs), antibody–drug conjugates (ADCs), 
antibody fragments (Fabs), peptides, and aptamers, have been developed in the form 
of prodrugs or nanoparticles. In recent times, a prodrug, namely vinblastine-N- 
oxide (CPD100), was developed for the treatment of ovarian cancer by Cascade 
Prodrug, a US-based pharmaceutical company. This compound, formulated as 
sphingomyelin-cholesterol liposomes, is converted into its parent compound, vin-
blastine, under hypoxic conditions. This formulation was found to be highly suc-
cessful in the preliminary studies and if successful in clinical trials, it will be the 
first-of-its-kind of chemotherapeutic agent to demonstrate anticancer activity due to 
the hypoxic microenvironment present in the solid tumors [126–128].

5.1.2  Indirect Targeting of the Receptor

Malignancies specific to prostate gland can also be controlled by indirect targeting 
of AR-targeted drugs such as agonists, antagonists, partial agonists, and antagonists. 
Indirect targeting approach can also be considered such as targeting small mole-
cules like 17α-hydroxylase involved in the de-novo synthesis of androgens by drugs 
such as Abiraterone. Abiraterone, in combination with prednisone, was approved in 
2012 as the first-line therapy against mCRPCs, before commencing the administra-
tion of the conventional chemotherapy. Tamoxifen is the oldest and the most exten-
sively studied SERM. It is a prodrug with low ER affinity, and gets converted into 
active metabolites such as endoxifen or afimoxifene through metabolism in the 
liver. These active metabolites demonstrate 30–100 times greater affinity toward the 
target receptors, as compared to tamoxifen. Substances involved in the synthesis of 
estrogen, such as aromatase, can also be considered as alternative targets for the 
treatment of ovarian cancers. The AIs blocks the protein involved in estrogen syn-
thesis, but their usage is limited for the postmenopausal women, as they do not 
inhibit estrogen synthesis in the ovaries of the premenopausal women. Fulvestrant 
(Faslodex®), Anastrozole (Arimidex®), Letrozole (Femara®), and Exemestane 
(Aromasin®) are examples of the AIs, which are useful either as a monotherapy or 
combinatorial therapy, during the treatment of ovarian cancer [121, 129–131].
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5.1.3  Molecular-Based Targeting Approach: Gene Therapy

Gene therapy has been explored as one of the advanced ER-targeting strategies. 
Recently, an innovative effort provided a strong confirmation that enhanced estro-
gen signaling is responsible for the growth of the cervical tumor. Enhanced expres-
sion of Cyclin D1, ERs, and aromatase is significantly associated with the tumor 
growth. Hence, blocking the estrogen pathway, particularly to decrease the ER 
activity, can be a rational approach to activate p53 and retinoblastoma protein (pRb), 
along with lowering the expression of HPV E6 and E7. This approach has been 
utilized to block ER-mediated tumor growth in cervical cancer cells, by transfection 
using adenovirus (AD) as a gene carrier [132].

5.1.4  Novel/Nano Drug Delivery Systems

Different approaches of drug delivery are being employed to target receptors 
expressed in reproductive neoplasia. Promising results of raloxifene in clinical trials 
has suggested for an improvement in the efficacy of this drug by exploring novel 
delivery systems like nanoformulations or through the development of raloxifene 
analogs. Raloxifene has been effectively encapsulated in nanoparticles, such as sty-
rene–maleic acid (SMA) micelles, which demonstrated superior pharmacokinetic 
profile than the free drug [95, 133].

As discussed in Table  4.2, Progesterone and GnRH receptors can be directly 
targeted by means of agonists, antagonists, or partial agonists and antagonists. 
Extensive research is in progress for finding numerous other potential approaches 
for targeting these receptor for the treatment of malignancies related to organs of 
reproductive system.

6  Receptor-Targeted Ligands in Clinical Development: 
Preclinical and Clinical Studies

6.1  Preclinical Studies

Table 4.3 describes the preclinical studies for drugs targeted to the receptors pre-
dominantly expressed in cancers of the reproductive system.

6.2  Clinical Trials

Table 4.4 gives an overview of the clinical trials that have been conducted to target 
the receptors relevant to the cancers of the reproductive system.

M. Gore et al.
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7  Conclusion and Critical Comments

Carcinogenesis in the different organs of the reproductive system, particularly, 
prostate, ovarian, and cervical tissues, involves aberrant expression of various 
physiological receptors belonging to different superfamilies. Structural and phar-
macological role of four predominant receptors, namely, AR, ER, PR (sex steroid 
nuclear receptors), and GnRHR (GPCRs) has been highlighted in this chapter. 
Moreover, strategies and molecules developed for targeting these receptors, for 
formulating clinically relevant anticancer therapeutics, have been put forth and 
supported by the ongoing preclinical and clinical studies. We speculate that a com-
binatorial therapy  comprising receptor-targeted ligands/agents, with clinically 
acceptable cytotoxic drugs, as well as targeting moieties such as antibodies (anti-
body–drug conjugates) and use of nano- and novel carriers for drug delivery, will 
enhance the overall antineoplastic effect. Considerable research has been con-
ducted in deciphering the role of the AR and GnRHR in the cancers of the repro-
ductive system and efforts to target these receptors have been commenced. We 
anticipate similar investigations to be conducted for ER and PR receptors in the 
near future.
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Chapter 5
Receptors for Targeting Gastrointestinal 
Tract Cancer
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and Prajakta Dandekar

Abstract Cancers of the gastrointestinal tract (GIT) are among the most prevalent 
and fatal cancers. Historically, surgical resection was the only effective treatment of 
operable GIT tumors. However, more than half of these patients present locally 
advanced, recurrent, or metastatic disease, necessitating development of alternate 
strategies for possible therapy. Cellular receptors are instrumental in controlling the 
basic traits of a cell. Binding of specific ligands to these receptors results in changes 
in gene expression and increase in cell metabolism, cell growth, or cell death. The 
therapeutic prospects of ligands for somatostatin receptors (SSTRs), c-Kit, and per-
oxisome proliferator-activated receptors (PPARs) along with receptor-mediated 
strategies have been discussed in this chapter. Ligands for these receptors include 
peptides, small molecules, and oligonucleotides that can be delivered using nanopar-
ticulate delivery systems tailored for specific application. Some important drug can-
didates undergoing clinical trials have also been mentioned to convey the potential 
of these receptors as targets for GIT cancer therapy.
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Abbreviations

CML Chronic myeloid leukemia
CXC C-X-C motif chemokine
DBD DNA-binding domain
DRIP vitamin D3 receptor-interacting protein
EGFR Epidermal growth factor receptor
GEP-NET Gastroenteropancreatic neuroendocrine tumors
GIST Gastrointestinal stromal tumors
GIT Gastrointestinal tract
LBD Ligand-binding domain
MAPK Mitogen-activated protein kinase
mTOR Mammalian target of rapamycin
NCoR Nuclear receptor corepressor
NF-κB Nuclear factor kappa light chain
NPs Nanoparticles
PDGFR Platelet-derived growth factor receptor
PGC-1 PPARγ coactivator-1
PIP3 Phosphatidylinositol 3,4,5 triphosphate
PL Phospholipase
PPAR Peroxisome proliferator-activated receptors
PRI Peptide receptor imaging
PRRT Peptide receptor radionuclide therapy
PTP Phosphotyrosine phosphatases
PTX Pertussis toxin
QDs Quantum dots
RTK Receptor tyrosine kinase
RXR Retinoid X receptor
SCF Stem cell factor
SFK Src family of tyrosine kinases
SH2 Src homology 2
SHP Small heterodimer partner
SRIF Somatotropin release-inhibiting factor
SS Somatostatin
SSTR Somatostatin receptors
TLR Toll-like receptors
TMD Transmembrane domains
TRAP Thyroid hormone receptor-associated protein
TZD Thiazolidinedione
USFDA The food and drug administration
VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor
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1  Cancers of the Gastrointestinal Tract

Cancers of the gastrointestinal tract (GIT) constitute a major class of cancers that 
account for one of the highest number of disease-related deaths, in both genders, 
worldwide. According to a recent survey, cancers of the GIT are the most common 
in males and second most common in females (only next to breast cancer) in the list 
of the five most common cancers occurring in each gender [1]. The GIT cancers 
comprise of the malignancies of the alimentary tract, viz., the oral cavity, the esoph-
agus, stomach, small intestine, large intestine (colon), rectum, and the accessory 
organs such as liver and pancreas. Colorectal cancer is the most prevalent among 
these, and it is interesting to note that though the small intestine constitutes the 
major part of the GIT, it presents the least occurrences of tumor malignancies. The 
associated risk factors, pattern of incidence, prevalence, and prognosis vary among 
the organ sites. Some of the risk factors can be abated, while in some cases, the 
cancers can be prevented with proper screening. A large number of the GIT cancers 
can be cured, when detected and treated at an early stage, thus reducing the associ-
ated mortality rates.

2  Overview of Receptors Associated with the GIT Cancers

Several receptors including the growth factor receptors, the nuclear hormone recep-
tors, the toll-like receptors, and the chemokine receptors and their ligands regulate 
the development of GIT cancers. Receptors provide a very precise means of com-
munication between the cells, triggering a cascade of pathways that affect the cel-
lular responses and interactions, at varied levels. While many of these receptors are 
discussed in great detail elsewhere in this chapter, a few notable examples are men-
tioned here.

Vascular endothelial growth factor (VEGF) receptors (VEGFR-1, VEGFR-2, 
and VEGFR-3) are expressed in varying degrees in colon, pancreatic, and gastric 
cancers, along with increased levels of VEGF. The VEGFR-1 specifically promotes 
anchorage-independent growth of cells, as well as antiapoptotic signaling in colorec-
tal cancers [2]. The epidermal growth factor receptor (EGFR), its family members 
Her-2/ErbB-2, Her-3, Her-4, and their ligands are involved in over 70% of all the 
cancers and expressed in about 43% of the gastric cancers [3]. The next important 
class of receptors is that of chemokines. The correlation between the expression of 
C-X-C motif chemokine 12 (CXCL12) and its receptor (CXCR4), as well as 
CXCL8-CXCR2, has been established for esophageal cancer, where it is associated 
with increased lymph node metastasis, invasiveness, and reduced patient survival 
[4]. Elevated expression of CXCL12-CXCR4 has also been demonstrated in gastric 
cancers, where it stimulates aggressive invasion and metastasis in cancer cells. Most 
of the chemokines are upregulated when the normal colonic mucosa becomes can-
cerous and the cancer becomes more malignant [5]. Toll-like receptors (TLRs) 
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belonging to the family of pattern recognition receptors also play a noteworthy role 
in GIT cancers. A few examples of the TLRs overexpressed in GIT tumors include 
TLR2 (oral, stomach), TLR4, TLR5, and TLR9 (stomach, colorectum). Interestingly 
enough, TLRs are found to have both tumorigenic and antitumor effects in various 
instances. The TLR polymorphisms (functional, sequential, and SNP) have been 
strongly associated with an increased risk of gastric cancer. Additionally, the TLR 
deficiency in tumor cells is found to result in tumor regression in some isolated studies. 
The microbial antitumor agent, OK-432 (penicillin-killed and lyophilized low- 
virulence strain of Streptococcus pyogenes), and a TLR9-targeted oligonucleotide 
sequence, CpG-ODN, developed for the treatment of colorectal cancer, are some 
examples of TLR-based immunotherapy in GIT cancers [6].

In addition to these receptors that have been extensively discussed in the other 
chapters of this book, many alternate receptors have shown potential for being stud-
ied as targets for newer anticancer therapeutics. In this chapter, we have discussed 
three such receptors that are important in the context of various malignancies of the 
GIT. These are the somatostatin receptors (SSTRs), the “KIT proto-oncogene recep-
tor tyrosine kinase” or c-Kit, and a subfamily of nuclear receptors, the peroxisome 
proliferator-activated receptors (PPARs).

3  Somatotropin Release-Inhibiting Factor Receptor

The somatotropin release-inhibiting factor (SRIF) or somatostatin (SS) was isolated 
in 1973, from ovine hypothalamic tissue by Brazeu et al. It was a tetra-decapeptide 
(SS-14) that inhibited secretion of the growth hormone in rat pituitary cells at a 
concentration ≥1 nM [7]. Later, a form of somatostatin that was extended at the 
N-terminal and comprised of 28 peptides was isolated from the porcine intestine 
and was referred as SS-28 [8].

SS mediates its physiological actions by binding to its plasma membrane recep-
tors – the somatostatin receptors (SSTs). Till date, five SST subtypes have been 
identified (SST1 to SST5) in target tissues such as brain, pituitary gland, pancreas, 
and gastrointestinal tract. Of these, SST2 exhibits two isoforms, SST2A (long) and 
SST2B (short), that differ in their cytoplasmic tail and hence further signaling 
pathways [9]. In the GIT, SSTs are expressed in the gastrointestinal mucosa, 
peripheral nervous system, and gut-associated lymphoid tissue [10]. GIT is both a 
major source and the main target organ of SS that contains approximately 65% of 
the total SS content of the human body [11]. The inhibitory effect of SS depends 
on the receptor subtype as well as tissue localization. SS modulates various func-
tions of the GIT through its receptors, like gastric emptying, gallbladder contractil-
ity, and propulsive activity of the small and large intestines. Several studies have 
been conducted to elucidate the distribution and role of SSTs in normal and dis-
eased (inflamed/tumor) GIT.
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3.1  Recognition Domain and Structure-Activity Relationship 
of SSTs

The SSTs belong to the superfamily of rhodopsin like G-protein-coupled receptors. 
All SSTs (SST1-SST5) are characterized by seven transmembrane domains (TMDs) 
and share a structurally common feature, the conserved sequence (YANSCANPILY) 
in the transmembrane region 7. They all contain (i) a consensus motif for interaction 
with the type I PDZ domains at the intracellular C termini and (ii) the DRY motif 
(aspartic acid-arginine-tyrosine) for coupling with the G proteins in the second 
intracellular loop. The PDZ domains consist of 80–90 amino acids that facilitate 
anchoring of the cell surface receptors on the cell membrane, while the DRY motif 
governs the conformation of the receptor. Alteration in these regions results in a 
change in the downstream signaling of the SSTs.

Two high-affinity SS agonists, MK678 (hexapeptide) and SMS-201-995 (octa-
peptide), were studied to understand the ligand-binding domains of the SST2 [12]. 
It was found that a sequence containing four amino acids (FDFV), at the border of 
the third extracellular loop (ECL) and the TMD7 is crucial for their binding. 
Moreover, the interaction of these peptides with SST2 varies in terms of the essen-
tial amino acids that are involved. In case of the SST1 mutant SST1S305F (Ser-to-Phe 
conversion), the binding of hexapeptides was distinguished depending upon the 
presence of Phe or Tyr at position 2. Thus, a single hydroxyl group hindered the 
binding of the hexapeptide to SST1S305F. Replacement of Asp-124 with Glu ren-
dered the mutated rat SST3D305E incapable of binding to somatostatin 14 with a high 
affinity [13]. In this case, though the replaced amino acid was negatively charged, 
the additional methylene group interfered with the binding efficiency of the agonist, 
suggesting that apart from charge, the size of the binding pocket was also crucial 
for ligand binding. Greenwood et al. developed mutants for the three ECLs of SST5 
and evaluated their binding affinity for 125I-LTT SRIF-28. While binding of ECL1 
and ECL3 mutants to the ligand was similar to wild-type SST5, the ECL2 mutant 
failed to bind to the ligand [14]. Thus, receptor binding was affected by the type of 
amino acid residue present at a particular position in a peptide. Receptor binding 
was also a consequence of the number of receptors present on the surface of a cell, 
at any given time. The status of a receptor, that is, whether it was present in an 
active or inactive configuration, also played an important role in receptor-ligand 
binding. An interesting study identified a disulfide-linked cyclic octapeptide antag-
onist of SS, comprising a DL-cysteine pair at positions 2 and 7. Substitution of 
D-cysteine at position 2, with an L-cysteine, converted the antagonist into an ago-
nist [15]. This suggested that not only the position but also the chirality of the 
amino acids altered the interaction of the ligand with the receptor, thus altering the 
subsequent signaling pathways.
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3.2  Binding of Ligand with Receptor and Pathway

All somatostatin receptors, upon stimulation, inhibit hormone secretion, cell pro-
liferation, cell migration, and angiogenesis. These inhibitory actions are mediated 
by their association with the Gi/o proteins, which are the members of the heterotri-
meric guanine-nucleotide-binding protein family that is characterized by sensitiv-
ity to the pertussis toxin (PTX). Coupling of the ligand with its receptor results in 
inhibition of adenylate cyclase and, thus, reduction in cAMP accumulation. Ligand 
binding also reduces Ca2+ concentrations, either directly or indirectly through the 
opening of G-protein gated inwardly rectifying potassium channels. This reduces 
the intracellular Ca2+ concentrations, which results in membrane hyperpolarization 
and ultimately reduction of Ca2+ influx, through voltage-operated calcium channels. 
The synergistic effects of reduction in both cAMP and Ca2+ result in inhibition of 
hormone release.

The SST receptor subtypes may undergo homo (SST3, SST5) or hetero dimer-
ization with a particular SST subtype (SST1–SST5) or other receptors, after binding 
with their ligands. Tyrosine kinases and phosphatases are recruited by the activated 
SSTs to trigger downstream signaling events. For example, SST1 activates phos-
photyrosine phosphatases (PTPs) that inhibit cell proliferation by dephosphorylat-
ing tyrosine kinase receptors and/or downstream effectors, such as platelet-derived 
growth factor receptors [16], or by inducing cell cycle arrest via upregulation of p21 
(cip1/Waf1) expression [17]. SST2 induces cell cycle arrest and subsequent cell 
proliferation through upregulation of the cyclin-dependent kinase inhibitor p27/
Kip1 [18] and the zinc finger protein (Zac1) [19]. Regulation of both SST1 and 
SST2 depends on phosphorylation events at their C-terminal tail [20]. SST3- 
dependent induction of apoptosis involves p53 and Bax.SST4 also plays a role in 
cell growth arrest, wherein it causes prolonged activation of p38 MAPK (mitogen- 
activated protein kinase), resulting in stimulation of the cell cycle inhibitor p21 
(cip1/Waf1) [21]. SST5 activates tyrosine phosphatases, SHP1, and SHP2, which 
inhibit the mammalian target of rapamycin (mTOR) pathway, thereby decreasing 
cell proliferation and growth. Thus, all the subtypes contribute in cell proliferation 
inhibition. The intracellular trafficking of the receptors varies according to the 
receptor subtype and they may be degraded in lysosomes or may be recycled back 
to cell surface [22, 23]. A pictorial representation of the structure of SSTs and their 
downstream effects is shown in Fig. 5.1.

3.3  Ligands Explored for SSTs

Natural ligands of all the SSTs include somatostatin 14 and 28 and cortistatin 14 
and 17. Somatostatin is chemically unstable (circulating half-life <3 min) and is 
broken down in the body, shortly after its release [24]. A number of synthetic ago-
nists have been developed, namely (i) metabolically stable short chain analogues, 
with specificity for one subtype, that can be further modified for universal binding 
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to all subtypes and (ii) large chain ligands that universally bind to all subtypes and 
are later chemically modified for metabolic stabilization. They can be grouped into 
peptide, nonpeptide, and radioligands. Peptides may be cyclic octapeptides (octreo-
tide), cyclohexapeptide-based agonists (MK678), compounds containing amino- 
heptanoic acid bridging group (L-362), those based on nonpeptide scaffold (KE108), 
adamantine cyclopeptides (SDZ 222-100), etc. The receptor-ligand binding is influ-
enced by the stability of the β-turn, ring chemistry, and size and position of the 
bridging units that impart enhanced stability to the resulting complex [25]. Peptide 
agonists were followed by the advent of nonpeptide ligands, since they provide 
resistance against proteolysis. Nonpeptide agonists (L-054,522) were synthesized 
based on a spiroindene-containing lead structure [26]. Some were synthesized by 
cyclization of the urea backbone of acyclic urea precursors or by using monosac-
charides as the scaffolds [27]. Their affinity and selectivity for each receptor sub-
type could be modulated, thus imparting novel pharmacological, pharmacokinetic, 
and physicochemical properties to the agonists. Diagnosis and therapy of SST- 
positive tumors has hugely benefitted from the use of radiolabeled SS agonists. 
They usually comprise the SS agonist conjugated to a chelating agent, which in turn 
is tightly bound to the selected radioisotope. Medically significant isotopes of 

Fig. 5.1 Structure of human SSTs showing common structural features and effects
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Iodine (125I), Indium (111In), and Yttrium (90Y) have been used as SS radiolabeled 
agonists for therapeutic purposes [28]. The evolution of SS agonists from natural 
cyclic peptides to radiolabeled compounds has paved a way for better diagnosis and 
possible therapy of SST-related diseases.

Similar to the agonists, antagonists can also be grouped into peptide, nonpeptide, 
and radiolabeled compounds. The peptide antagonist, CYN-154806, which is a 
cyclic octapeptide, binds to SST2 with nanomolar affinity and exhibits intermediate 
affinity for SST5 [15]. Another antagonist, PRL-2970, is a cyclic disulfide octapep-
tide that is structurally related to CYN-154806 [29]. The octapeptide ODN-8, with 
an N-methyl-amino-2-napthoyl aminoglycine in its β-turn, selectively binds to 
SST3 with high affinity [30]. The nonpeptide antagonist SRA-880, based on 
octahydrobenzo[g]quinoline backbone, displays selectively high affinity for SST1 
[31]. BN-81674, a tetrahydro-β-carboline derivative, acts as a competitive antago-
nist for blocking SS14-mediated inhibition of cAMP accumulation in SST3- 
expressing CHO-K1 cells [32]. A study conducted by Ginj et  al. showed that 
radiolabeled SS antagonists were preferable over agonists for in vivo targeting of 
tumors expressing SST [33]. 111In labeled agonists (111In-DOTA-NOC for sst3 and 
111In-DTPA-TATE for sst2) and antagonists (sst3-ODN-8 and sst2-ANT) were 
injected in mice expressing SST2 and SST3 tumors, wherein it was found that 
uptake was higher for antagonists in both the cases. The higher affinity of the ago-
nists toward the receptors and their internalization into the target cells makes them 
an ideal choice for tumor targeting and treatment. Moreover, most of the antagonists 
do not undergo internalization and hence exhibit limited therapeutic scope. 
Nevertheless, radiolabeled antagonists may label a higher number of receptor bind-
ing sites than agonists and thus improve the sensitivity of diagnostic procedures and 
the efficacy of receptor-mediated radiotherapy.

Among the several investigational ligands, octreotide, pasireotide, vapreotide, and 
lanreotide have been approved by the USFDA. A detailed list of agonists and antago-
nists of somatostatin receptor subtypes can be found on guide to pharmacology [34].

3.4  Receptor-Mediated Targeting Strategies

Overexpression of certain genes during cancer progression offers an opportunity to 
target these for therapeutic purposes. A comprehensive characterization of the com-
ponents of SST in gastroenteropancreatic neuroendocrine tumors (GEP- NETs) was 
performed by Martinez et al. Disease progression and prognosis after 2–10 years 
was assessed and the expression levels of the components of this SST system were 
evaluated. SST1, SST2, and SST5 were expressed in both the tumor and the adja-
cent nontumor tissue; however, their expression was markedly increased in the 
tumorous tissues. Most of the currently available SS analogues target SST2 since it 
is highly overexpressed in well-differentiated GEP-NETs. SST2 is also the most 
frequently expressed SS receptor in the mid-gut and the hind-gut carcinoid tumors. 
Overexpression of SST3 has been observed in less differentiated and more 
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aggressive tumors. SST3 agonists were more effective in reducing cell survival in 
BON-1 cell line, as compared to the treatment with SST2/5-specific agonists. 
However, a completely opposite effect of SST3 agonists was observed in QGP-1 
cell line, suggesting that the response to different agonists was cell-type-dependent, 
resulting due to the dysregulation in expression, differential activation, or interac-
tion of the SST subtypes [35].

SS analogues like octreotide and lanreotide were reported to improve the symp-
toms like diarrhea, flushing, bronchial constriction, and elevated levels of urinary-5 
hydroxyindoleacetic acid and serotonin, associated with such carcinoid tumors. 
Insulinomas, gastrinomas, glucagonomas, somatostatinomas, and VIP-omas have 
been subjected to octreotide treatment, which resulted in varying degrees of success 
in improving the disease-related symptoms. Octreotide has also been used in com-
binatorial therapy with interferon [36] and everolimus [37] to target the SSTs and 
lead to symptomatic improvement as well as direct antitumor effects in GEP-NET 
patients. SS analogues thus serve as an important palliative tool for the patients 
diagnosed with metastatic disease, since surgery is rarely curative in such cases.

SST expressing tumors can be visualized by injecting radiolabeled somatostatin 
analogues, in vivo, followed by imaging using a scintillation counter, a technique 
known as scintigraphy. SST scintigraphy provides information about the site of 
tumor, suitability of the SS analogue to be used for treatment and the possibility of 
using surgery or radioactive therapy for the treatment. Synthesis of SS-based radio-
pharmaceuticals began with preparation of radioiodinated Tyr3 analogue of octreo-
tide by Krenning et  al. in 1989. This study proved to be a starting point for the 
development of several other peptide receptor imaging (PRI) analogues [38]. The 
same research group further developed [111In]pentetreotide, which was the first 
peptide- based imaging radiopharmaceutical to be approved by the USFDA in 1994. 
The advancement of PRI to peptide receptor radionuclide therapy (PRRT) was more 
effective when 90Y-yttrium, a more efficient β-emitter than 111In-indium, was used as 
the therapeutic radiometal. 90Y was replaced with 177Lu-lutetium for renal protection 
in patients and has since become the PRRT agent of choice. Several structural modi-
fications of octreotide to increase its affinity toward the SSTs, enhance its tumor 
uptake, and render it more patient friendly gave rise to [177Lu]DOTATOC. This com-
pound is being evaluated in a multinational phase III trial of the NET therapy, at 41 
global sites [39]. Retention of radiopharmaceutical after internalization of receptor 
is critical for efficient PRI and PRRT. In this context, antagonists were surprisingly 
found to be more potent, even though their affinity for SSTs was lower than the 
agonists. This was because the antagonists could label receptors in both active and 
inactive states, whereas the agonists could only label the receptors in an active con-
formation. The [177Lu] and [68Ga] labeled antagonists have been found to be more 
effective than the agonists in terms of image contrast, sensitivity, and diagnostic 
accuracy [40, 41].

While PRRT is an attractive technique for therapy, switching radiolabeled ana-
logues with fluorescent probes enables ultrasensitive optical detection of the 
ligands. Organic fluorophores can provide explicit ligand localization; however, 
they exhibit low chemical stability, toxicity, and photobleaching. The development 
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of quantum dots (QDs) has greatly refined the field of fluorescence-based imaging. 
QDs comprise a semiconductor nanocrystal core, which may or may not be capped 
with an auxillary polymer layer. QD systems offer bright fluorescence, possibility 
of multiplexed imaging strategies, and low toxicity. QD-based fluorescent soma-
tostatin probe, enabling specific targeting of the SSTs, was developed by 
Sreenivasan et al. They developed an in situ two-step strategy wherein the SS-biotin 
complex was administered first, followed by the streptavidin-QDs. This strategy 
could enable flexible fluorescent tagging of the SRIF for investigating the molecu-
lar trafficking inside the cells and targeted delivery in live animals [42]. QD nano-
crystals were used as immunocytochemical markers for visualization of 
somatostatin in somatostatinomas and could be observed by super-resolution light 
microscopy and immunoelectron microscopy. High quantum efficiency in the 
emission of photons and increased photostability compared with organic fluoro-
phores such as fluorescein isothiocyanate (FITC) makes QDs a desirable option for 
immunolabeling [43].

Apart from probes, nanocarrier-based delivery of SS agonists and antagonists 
has been explored for better and specific penetration of therapeutic and diagnostic 
substances within the body, with a reduced risk. Gold nanoparticles conjugated to 
[Tyr3]Octreotide peptide improved their capacity to be recognized by the protein 
receptor and enhanced their fluorescence properties [44]. Octreotide-loaded poly(ε- 
caprolactone)/poly(ethyleneglycol) nanoparticles (NPs) were evaluated for their 
in vitro and in vivo efficacy toward neuroendocrine pancreatic tumors. The nanopar-
ticulate delivery system allowed targeted delivery into the tumor tissue and reduced 
the associated side effects. Octreotide NPs were found to be more effective than the 
native drug and lead to a significant reduction in the tumor volume in tumor-bearing 
mice [45]. Abdellatif et  al. coated octreotide, substituted at N-terminal with 
11- mercaptoundecanoic acid onto gold NPs. They observed that the uptake of the 
NPs was higher than the unmodified ones [46]. SS-14 forms high ordered self- 
assemblies at the concentration range of 20–60 mM. This tendency of progressive 
structuring was exploited to form aggregates of SS around gold and silver plas-
monic NPs. Adsorption of SS on silver NPs was predicted through an ionic pair 
interaction, whereas its anchoring on the gold NPs was speculated to be through 
direct binding, in which the metal atom and the nitrogen of the tryptophan residue 
were involved. This unique technique thus allowed a control over the coordination 
and binding sites of the peptides and proteins on plasmonic colloids [47].

The evolution of receptor-mediated targeting of somatostatin using peptide, non-
peptide, and radioligands to the recently developed QDs and nanocarriers has facili-
tated better imaging and therapy of the tumors overexpressing the SSTs. An important 
part of any therapeutic molecule is its in vivo half-life and its elimination from the 
body. A majority of analogues are eliminated through biliary or renal clearance, 
while some are cleared via urine and feces. Whether agonists or antagonists are more 
suited for a particular treatment, the type of SS analogue to be used and effectiveness 
in evading cases of relapse are some of the issues that can be addressed by exploiting 
the current broad knowledge in the field of SS chemistry and biology.
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4  c-Kit

In 1986, Besmer et al. discovered a viral oncogene v-kit, which displayed partial 
homology with a protein kinase oncogene [48]. Its cellular homolog, c-Kit (CD117), 
is localized on chromosome 4 and expresses a single, 5 kb transcript that encodes a 
transmembrane glycoprotein. The transduction and truncation of c-Kit is responsi-
ble for generating v-kit that lacks extracellular and transmembrane sequences [49]. 
Several studies were thereafter conducted to elucidate the role of c-Kit in normal 
and diseased tissues.

c-Kit is a type III receptor tyrosine kinase (RTK), which is found in various cell 
types like hematopoietic cells, germ cells, mast cells, melanoma cells, and the gas-
trointestinal tract Cajal cells. About 95% of the gastrointestinal stromal tumors 
(GIST) express c-Kit, a majority of which exhibit an activating mutation in the c-Kit 
[50]. This activating mutation in c-Kit was described by Hirota et al. wherein the 
researchers transiently introduced a mutated c-Kit cDNA into the human embryonic 
kidney cells. The study revealed that the mutation was present in the region between 
the transmembrane and the tyrosine kinase domains and enabled c-Kit to dimerize 
in absence of its ligand, the stem cell factor (SCF). The mutated c-Kit was phos-
phorylated at the tyrosine residue, in absence of SCF, and thus allowed constitutive 
activation of the receptor.

SCF, also known as the Kit ligand, activates c-Kit which then undergoes phos-
phorylation and initiates signal transduction to facilitate cell survival, migration, 
and proliferation [51]. The SCF comprises of extracellular, transmembrane, and 
intracellular domains. Alternative splicing generates two variants, a longer soluble 
and a shorter membrane-bound isoform. N-glycosylated SCF exists in homodimeric 
conformation and its dimerization plays a regulatory role in dimerization and acti-
vation of c-Kit [52].

4.1  Recognition Domain and Structure Activity Relationship 
of c-Kit

The receptor tyrosine kinases are a family of cell surface receptors that bind to 
growth factors, cytokines, hormones, etc. and are essential for signal transduction. 
The type III RTK family includes c-Kit, colony-stimulating factor-1, platelet- 
derived growth factor α and β receptors (PDGFR), and Fl cytokine receptor. The 
human c-Kit proto-oncogene is 90 kb long and resides on chromosome 4q11~12. 
The gene encodes for a 976 amino acid protein [49], which can be divided into three 
domains, viz., (i) the extracellular domain containing 519 aa and consisting of 5 
Ig-like domains (Ig-1 to Ig-5), (ii) a single spanning transmembrane domain con-
sisting of 23 aa, and (iii) intracellular domain comprising 433 aa, starting with a 
juxtamembrane, followed by a tyrosine kinase domain. The first three Ig-like 
domains of the extracellular region bind to the SCF, whereas domains 4 and 5 
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participate in the dimerization process [53]. These Ig-like domains may or may not 
be followed by a Gly-Asn-Asn-Lys (GNNK) tetrapeptide sequence, which differen-
tiates between the two isoforms of c-Kit [54]. Adjacent to GNNK is the transmem-
brane domain that spans the plasma membrane once and is further connected to the 
juxtamembrane domain, a stretch of ~30 aa that harbors regulatory function. The 
kinase domain that follows this 30 aa stretch is interrupted by a kinase insert 
sequence, thus dividing it into two sub-domains. The last 50 aa form the COOH 
terminal tail of the receptor.

The crystal structure of the SCF-c-Kit complex shows a 2:2 stoichiometry com-
prising two receptor-ligand complexes [53]. The binding of SCF and c-Kit is a result 
of electrostatic interactions between SCF and Ig-1, Ig-2, and Ig-3, followed by 
dramatic rearrangement of Ig-4 and Ig-5 which aids in receptor dimerization and 
finally activation (Fig. 5.2).

4.2  Binding of Ligand with Receptor and Pathway

Several events governing cell survival and proliferation occur when SCF activates 
c-Kit. In the inactive state, the juxtamembrane domain forms a hairpin loop that 
inserts in the active site, disrupting the regulatory control helix and the phosphate- 
binding loop, thereby suppressing the kinase activity. It contains two tyrosine resi-
dues, Tyr-568 and Tyr-570, which get phosphorylated in response to SCF binding 
followed by receptor dimerization. This releases the juxtamembrane domain from 

Fig. 5.2 Schematic representation of c-Kit dimerization and activation
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its auto-inhibitory configuration and allows a conformation that enables catalytic 
activity in the kinase domain [55, 56]. Mutations within the juxtamembrane domain 
and the kinase domain lead to structural changes in the activation loop, resulting in 
aberrant signaling events.

Autophosphorylation of c-Kit activates class IA of PI3-K by interacting with the 
Src homology 2 (SH2) domain of the subunit p85. This interaction results in a con-
formational change in the enzymatic subunit p110 and its activation [57]. The acti-
vated kinase now translocates to the plasma membrane from the cytoplasm and 
catalyzes the conversion of phosphatidylinositol 4,5 biphosphate to the second mes-
senger, phosphatidylinositol 3,4,5 triphosphate (PIP3). PIP3 recruits proteins with 
pleckstrin homology domain to the membrane. One such protein, Akt, a serine/
threonine kinase, thus docks to the membrane and promotes cell survival by inter-
fering with apoptosis [58]. Akt phosphorylates the proteins Bad and Fox and acti-
vates nuclear factor kappa light chain, the enhancer of the activated B cells (NF-κB), 
resulting in the downstream antiapoptotic events. Activation of the serine/threonine 
kinase mTOR, the Tec family member Btk, and production of reactive oxygen spe-
cies have all been speculated to promote cell survival through SCF-mediated activa-
tion of c-Kit.

The Src family of tyrosine kinases (SFK), in its inactive conformation, forms a 
closed structure that does not allow effective catalysis. Phosphorylated c-Kit inter-
acts with the SH2 domain in the SFK, opening the closed structure and hence facili-
tating its catalytic activity [59]. Lyn is important for phosphorylation and activation 
of Stat3. The latter is involved in cell cycle regulation, but may negatively regulate 
the PI3-K/Akt pathway that stimulates cell survival [60]. It also promotes G1/S 
phase transition and proliferation of cells as shown in a study involving the mega-
karyocytic cell line, Mo7e [61]. While the SFK Lyn activates ERK1/2 and JNK 
MAP kinases, the adaptor protein Lnk negatively regulates both by associating with 
the Y568 of c-Kit and thereby interfering with SFK binding [62]. Phospholipases 
(PLs) catalyze the cleavage of phospholipids and convert them into lipid mediators 
and secondary messengers that play a key role in signal transduction, membrane 
trafficking, cell proliferation, and apoptosis [63]. The membrane-bound and soluble 
isoform of SCF induce cell proliferation through PLC-γ and phospholipase D 
(PLD), respectively [64, 65].

The signal transduction occurring downstream of c-Kit activation is thus com-
plex and encompasses various pathways that are interconnected. This mechanism of 
action has been pictorially represented in Fig. 5.2.

4.3  Ligands Explored for c-Kit

The fact that tyrosine kinases are often found mutated and constitutively active in 
various forms of human malignancies has prompted the development of selective 
inhibitors of these enzymes. A multitude of such inhibitors have been developed and 
are either in clinical trials or already in the market.
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There are two classes of ligands that bind to class III RTKs, viz., (i) the four- 
helix bundle-type cytokines and (ii) the VEGF-like cysteine-knot type growth 
 factors. The former include the SCF, the macrophage colony-stimulating factor, 
and the FLT3L. Similarly, the dimerized RTK/ligand complexes can also be divided 
into two categories, namely, the dimeric ligand-driven and monomeric ligand-
driven. The SCF/c-Kit complex belongs to the category of complexes that dimerize 
due to the dimeric nature of their ligands. Of the other members belonging to this 
category, the SCF/c-Kit complex displays certain unique characteristics that distin-
guish it from other receptor/ligand complexes. SCF/c-Kit is the only complex that 
uses a four-helix bundle ligand; each SCF binds to a separate c-Kit and therefore 
stands for the most simplified paradigm of receptor dimerization. In addition to 
this, the c-Kit uses three domains (Ig-1, Ig-2, and Ig-3) to bind to the SCF [66]. 
SCF is the only natural ligand for c-Kit.

Gleevec (imatinib) was the first tyrosine kinase inhibitor to be developed for 
clinical use. Imatinib, an antineoplastic agent, is a 2-phenylaminopyrimidine deriv-
ative that functions as a specific inhibitor of tyrosine kinase enzymes. It inhibits 
c-Kit in GIST patients and Bcr-Abl in chronic myelogenous leukemia. Imatinib 
shows a mean absolute bioavailability of 98%, with 95% bound to albumin and α-1- 
acid glycoprotein. Its metabolism primarily occurs in the liver, while its elimination 
is through feces. Resistance to imatinib could be observed as it only binds to the 
kinase in its inactive form. In case of GISTs, mutations in the juxtamembrane 
domain, but not in other parts of the receptor, are sensitive to imatinib treatment. 
c-Kit mutants greatly differ in their sensitivity to imatinib with substitutions in 
Asp- 816 generating complete resistance to the drug. Another factor for resistance 
is the mutation in Tyr-670, which forms hydrogen bond with imatinib within the 
ATP- binding pocket. Consequently, a second-generation inhibitors were developed, 
viz., sprycel (dasatinib) and tasigna (nilotinib), to overcome the resistance to ima-
tinib, in cases involving alternate mutations in c-Kit signaling. These belong to the 
class of aromatic anilides that bind to the target receptor in both active and inactive 
conformation. Their metabolism and elimination from the body is similar to that of 
imatinib. Apart from c-KitV560D, c-KitL576P, and c-KitK642E, the c-Kit mutants which 
are sensitive to imatinib, dasatinib, and nilotinib can inhibit c-Kit with mutations at 
Asp-816 and Asn-822. Dasatinib targets more than 20 tyrosine kinases, whereas 
imatinib and nilotinib inhibit six enzymes. Secondary mutations occurring in exon 
13 and 14 give rise to amino acid substitutions at Val-654 to Ala and Tyr-670 to Ile, 
respectively. These residues are present at the entrance to the ATP-binding cleft, and 
substitutions at these positions hinder drug binding, resulting in resistance to ima-
tinib, nilotinib, and even dasatinib. Thus, another drug, sunitinib that does not 
extend to the catalytic site of c-Kit and can thus inhibit receptors with mutations in 
this region was developed. However, it binds to c-Kit in its inactive form and thus 
fails to inhibit Asp-816 mutants. An indolocarbozole compound, Rydapt (midostau-
rin) is a semi-synthetic derivative of staurosporine, an alkaloid from the bacterium 
Streptomyces staurosporeus. It potently inhibits multiple receptor tyrosine kinases. 
It is majorly metabolized into CGP62221 and CGP52421 by the hepatic enzymes. 
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It has been approved by the USFDA for the treatment of acute myeloid leukemia in 
patients who possess FLT3 mutation.

The ligands approved by the USFDA are apatinib, axitinib, dasatinib, imatinib, 
midostaurin, pazopanib, sorafanib, and sunitinib. A detailed list of agonists and antago-
nists of somatostatin receptor subtypes can be found on guide to pharmacology [67].

4.4  Receptor-Mediated Targeting Strategies

In general, receptor-mediated strategies aim either for the selective inhibition or for 
multitargeted inhibition of kinases. While selective inhibition is suitable for tumors 
that are specifically dependent on a particular kinase, multitargeted approach might 
provide an overall activity against several signal transduction pathways that coex-
ist in a tumor. On the other hand, efficacy against multiple kinases may give rise 
to unwanted side effects. Thus, enhanced efficacy, along with minimum side 
effects, needs to be considered while designing an effective strategy for targeting 
tyrosine kinases. A great proportion of the expressed receptors reside inside the 
cells, which limits their accessibility and renders antibody mediated targeting an 
unsuitable option.

While all the ligands described in the previous section are specific for c-Kit 
receptor, ligands directed at specific structures present in the promoter region of 
c-Kit have also been developed for effective gene regulation. G-quadruplexes are 
higher order structures formed when guanine-rich regions interact with certain cat-
ions. Rankin et al. first described the presence of a putative G-quadruplex structure 
in the human c-Kit oncogene [68]. Subsequently, several small molecules that bind 
to and stabilize these structures have been identified, resulting in the downregula-
tion of c-Kit expression. Naphthalene diimide derivatives [69], benzo[a]phenoxa-
zine derivatives [70], 6-substituted indenoisoquinolines [71], and quinazolone 
derivatives [72], are some of the small molecules that have been shown to down-
regulate c-Kit gene expression and arrest the growth of GIST cell lines in vitro.

Imatinib has demonstrated significant activity and tolerability in the treatment of 
malignant unresectable or metastatic GIST, inducing tumor shrinkage of 50% or 
more or disease stabilization in most patients. Being the first inhibitor to be used in 
clinical trials, imatinib has been extensively explored and used in free as well as in 
nanoparticulate form. Many patients develop resistance to the therapeutic ligands 
due to secondary mutations in c-Kit and PDGF receptors. This necessitates the use 
of alternative approaches to combat the resistant tumors. Systems incorporating 
imatinib, such as nanoparticles, microcapsules, microspheres, and liposomes, have 
been reported to increase the bioavailability and reduce the associated side effects. 
Imatinib mesylate (STI571) was incorporated in poly(lactic-co-glycolic) acid for 
suppression of vein graft neointima formation [73] and was also found to be more 
effective than free imatinib in reducing off-target cardiotoxicity, while at the same 
time increasing its anticancer efficacy [74] in rats. Imatinib loaded, sterically 
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 stabilized liposomes were found to reduce the interstitial fluid pressure in tumors, 
which is a major obstacle in chemotherapy. These liposomes were hence used for 
efficient delivery of doxorubicin to potentiate chemotherapy [75]. A triple targeting 
system, comprising transferrin (cellular targeting), imatinib, and Bcr-Abl mRNA 
(molecular targeting), was adopted by Mendonca et al. to silence Bcr-Abl oncogene 
in chronic myeloid leukemia (CML). Similarly, imatinib loaded, layer-by-layer 
self- assembled microparticles were found to effectively target CML stem cells. 
Gold nanoparticles coated with chitosan and RGD tripeptide were used for the 
encapsulation and delivery of sunitinib into tumor vasculature [76].

miRNAs (microribonucleic acids) are 18–25 nucleotide long, noncoding RNA 
molecules that play important roles in regulating the gene expression in cancers. 
miRNAs regulate gene expression and modulate cell functions, such as cell cycle, 
proliferation, differentiation, stem cell maintenance, metabolism, and apoptosis. 
Since miRNA expression levels are dysregulated in cancer, efforts are being directed 
at using these molecules as therapeutic agents. Of the several miRNAs showing an 
inverse relationship to c-Kit in GISTs, miR-494 was studied by Kim et al. In this 
study, it was proposed that miR-494 regulated c-Kit expression by showing that (i) 
miR-494 expression was inversely correlated with c-Kit expression in GIST tissues, 
(ii) exogenous miR-494 induced downregulation of c-Kit, and (iii) inhibition of 
endogenous miR-494 increased c-Kit expression [77]. Chemically modified miR-
NAs, aka miRNA mimics (miR-mimics), are being developed to increase the stabil-
ity and efficiency of miRNAs. Like miR-494, levels of miRNAs 221 and 222 are 
also inversely proportional to c-Kit expression in GISTs. The reduced levels of 
miR-221/222 in GISTs were restored by administering chemically modified miR- 
mimics for miR-221/222. These were synthesized to possess phosphorothioate (PS) 
and/or 2′O-methyl RNA (2′-OMe) inside and outside the seed region. These mimics 
proved to be effective inhibitors of c-Kit gene expression and demonstrated 
increased stability in rat plasma. Their transfection in GIST48 cells showed signifi-
cant effects on cellular migration, proliferation, and apoptosis, that is on all pro-
cesses where c-Kit played a functional role in tumor development [78]. Combining 
the advantages of miRNAs and nanoparticulate drug delivery systems, Tu et  al. 
developed O-carboxymethylchitosan (OCMC)-tocopherol polymer conjugate- 
based nanoparticles and loaded them with miR-218 to increase their therapeutic 
efficacy against GIST. This novel nanocarrier could successfully transfect the miR- 
218 and enhance its therapeutic efficacy by acting as a tumor suppressor in human 
GIST cell line (GIST882) [79].

Since it is mainly the activating mutations in c-Kit that result in GIT cancers, 
receptor-mediated strategies have been developed to downregulate or inhibit c-Kit. 
However, inhibition of tyrosine kinase can be tricky, considering the number of dif-
ferent kinases that exist in a cell and the interconnected network of pathways trig-
gered by them. From the initial 2-phenylaminopyrimidine derivative to the recent 
miR-mimics and drug-loaded carriers, the c-Kit inhibitors have come a long way in 
treating GISTs and related cancers.
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5  The Peroxisome Proliferator-Activated Receptors

Nuclear receptors are a family of 48 receptors responsible for the transcriptional 
regulation of a vast majority of genes, encoding various metabolic enzymes, and 
thus ultimately regulating the energy homeostasis. They are basically transcription 
factors and bind to small lipophilic ligands like the hormones, vitamins, and metab-
olites (prostaglandins, oxidized phospholipids, etc.). The peroxisome proliferator- 
activated receptors (PPARs) are the members of group C, of the subfamily 1, of the 
nuclear receptors superfamily and consist of three members, viz., PPARα or NR1C, 
PPARδ (also known as PPARβ) or NR1C2, and PPARγ or NR1C3. Fatty acid 
metabolism (FA oxidation and lipogenesis), which is triggered in response to 
nutritional and physiological stimuli, is partially regulated by the PPARs [80]. 
Upon activation, the PPARs may interact with transcription factors such as NFκB, 
STAT- 1, and activator protein-1 and lead to transcriptional repression, through a 
DNA- independent mechanism [81].

The three members of the family are encoded by three different genes. PPARγ is 
the most extensively studied. It is highly conserved across all the species, with 95% 
homology in the amino acid sequences found between the human and murine recep-
tors. This subtype further exhibits three isoforms in humans (PPARγ1, PPARγ2, and 
PPARγ3), which arise due to the presence of different promoters. The PPARγ1 and 
PPARγ3 proteins are essentially the same, but the PPARγ2 receptor contains addi-
tional 28 amino acids at the N-terminus. These three isoforms are differentially 
distributed throughout the body, with PPARγ1 having the broadest distribution. The 
PPARγ is critical in regulating adipocyte differentiation and also modulates a num-
ber of other genes involved in energy storage and utilization [82]. The human 
PPARα on the other hand displays 91% similarity in the amino acid sequences, 
when compared to the mouse receptor. Its mRNA levels are controlled by the endog-
enous glucocorticoids and it was highly expressed in metabolically active tissues, 
such as the liver, heart, kidneys, and muscles in rodents as well as humans [82]. The 
last subtype is PPARδ, which has been known by a variety of names (PPARβ, NUCI, 
and fatty acid activated receptor (FAAR)), since the time of its discovery. The 
human and rodent receptors are about 90% homologous and it is expressed in the 
human tissues that are involved in lipid metabolism, such as the liver, intestine, 
kidneys, abdominal adipose tissue, and the skeletal muscles [82].

5.1  Recognition Domain of the PPARs

The domain structure of the nuclear receptors is common to most of the members of 
this family. The PPARs exhibit a modular structure consisting of six functional 
domains, namely, A/B, C, D, and E/F (Fig. 5.3). The C region consists of about 66 
amino acids and is responsible for targeting specific DNA sequences or the response 
elements. Hence, it is also known as the DNA-binding domain (DBD). This region 
is stabilized by the presence of zinc atoms, each of which is attached to four 
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cysteine residues. An α-helical structure follows each of these zinc finger com-
plexes. One of these helices is the major recognition sequence that makes base-
specific contacts within the major groove of the core site [83, 84]. DBD is reported 
to house two conserved sets of functionally important amino acid residues, viz., the 
P-box and the D-box. The P-box is present on the first zinc finger, whereas the 
D-box is on the second one. The specific interactions between the receptor and 
DNA are determined by the P-box. The D-box, on the other hand, is linked to pro-
tein-protein interactions, like receptor dimerization [85].

The E region, which participates in ligand binding, is a multifunctional domain 
and is relatively larger than the other domains. Apart from ligand binding, it is 
involved in dimerization, nuclear localization, ligand-dependent transactivation, 
intermolecular silencing, intramolecular repression, and association with heat- 
shock proteins [86]. Dimerization is aided by a region of nine heptad repeats in the 
E region. The activation domains of the PPARs, which help in ligand binding, are 
conserved regions across the superfamily of nuclear receptors. Two of them have 
been identified, with the first one, the constitutive activating function 1 (AF-1), 
being localized in the A/B domain and a second α-helical ligand-dependent activating 
domain (AF-2) being localized in the C-terminal region of the E-domain. The two 
domains act independently or cooperatively, depending on the promoter. The tran-
scriptional activities of the ligand-binding domain (LBD) are thus controlled by 
ligand binding and dimerization. In fact, ligand binding and dimerization are also 
mutually dependent, since the ligand-induced conformational change is hypothe-
sized to unmask the major dimerization region in the LBD [87]. In this way, the two 
phenomena confer transcriptional activities on the heterodimeric receptors that are 
distinct from those of the component monomers. It is interesting to note that because 
of this arrangement, a limited number of receptors are able to generate a diverse set 
of transcriptional responses, to multiple hormonal signals. Even though the overall 
domain structure is highly conserved in the nuclear receptor family, the LBDs 
across the different subtypes of PPARs are less conserved and thus bind to similar 
but not identical ligands [88].

Fig. 5.3 Structure of PPAR showing different domains
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5.2  Binding of Ligand with Receptor and Pathway

The subtypes of PPAR elicit different responses when activated by binding to a 
ligand. Among these, the activation of PPARα modulates plasma lipids by increas-
ing the levels of high-density lipoprotein cholesterol and apolipoprotein A1, reduc-
ing the levels of very low-density lipoprotein triglycerides, and increasing fatty acid 
oxidation. In case of PPARγ, activation of the receptor improves insulin sensitivity 
and glucose control and lowers the circulating levels of fatty acids and the proin-
flammatory markers of the cardiovascular diseases and atherosclerosis.

Activation of the PPARs can occur via direct interaction and stabilization of the 
components of the transcription machinery. Additionally, sometimes it also recruits 
various adaptors, coactivators, corepressors, and accessory proteins. These proteins 
either inhibit or enhance gene transcription, depending upon the nature of the pro-
tein and the conformational state of the receptor [88]. The corepressor proteins, like 
the nuclear receptor corepressor (NCoR), interact with the unliganded receptor and 
thus downregulate the activation of PPAR, in a normal state. However, they dissoci-
ate upon ligand binding, due to the conformational change that occurs in the PPAR 
structure. Simultaneously, PPAR undergoes heterodimerization with another nuclear 
receptor, the retinoid X receptor (RXR). This PPAR-RXR heterodimer is instru-
mental in the recruitment of coactivator proteins like the PPARγ coactivator-1 
(PGC-1), p160/SRC-1, and the vitamin D3 receptor-interacting protein (DRIP) or 
thyroid hormone receptor-associated protein (TRAP)-220 complexes and acts as a 
scaffold. This scaffold, in turn, recruits histone acetyl transferases and the RNA 
polymerase complex, which together initiate chromatin relaxation to permit tran-
scription of the target genes [89].

The recruitment of coactivators to the PPARs, based on their ligand binding, has 
been studied for both PPAR-α and PPAR-γ, which has revealed their contribution to 
transcription potency and efficacy. The transactivation of the target genes widely 
differs, depending on the specific pattern of cofactors recruited to the PPAR-RXR 
complexes, in response to the ligands. The ability of PGC-1 to potently activate the 
uncoupling protein-1, but not the aP2 gene is an excellent example of target gene 
selectivity of cofactors. Several cell-based studies have highlighted another interest-
ing feature of the ligand binding in case of PPARs. Some PPAR-γ activators act 
either as partial agonists or as full agonists, depending on the cell type in question. 
One possible reason for this behavior is the variations present in the cofactor profile 
or amount. The action of ligands may vary from being a full agonist in engaging/
disengaging of one cofactor (NCoR) to acting as a partial effector on other cofactors 
(PGC1-α and DRIP/TRAP220), even within the same cell type. This is an important 
reason why some PPAR agonists display significant side effects while achieving an 
accurate on-target delivery. This has been studied using the drugs developed for 
diabetes, another significant condition that relies heavily on the PPAR expression 
patterns. Each ligand-PPAR receptor complex adopts a different three-dimensional 
structure that drives a distinct cofactor recruitment pattern and gene signature pro-
file. Studies have also documented differential but overlapping patterns of gene 
expression in various tissues for different PPAR-γ ligands or dual-PPAR-γ/α ago-
nists, even for compounds that are structurally highly similar [89].
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5.3  Ligands Explored for PPARs

Fatty acids are among the most important natural ligands for all the three subtypes 
of PPARs. Palmitic acid, oleic acid, linoleic acid, and arachidonic acid have been 
reported to be endogenous activators of the rat PPARα [82]. Apart from these natu-
ral ligands, synthetic ligands have also been explored, of which hypolipidemic 
fibrate drugs are an important class. Wy-14643, clofibrate, fenofibrate, and bezafi-
brate were developed as hypolipidemic agents, through optimization of their lipid- 
lowering activity in rodents, before the discovery of the PPARs. Clofibric acid and 
fenofibric acid, the active metabolites of clofibrate and fenofibrate, are dual activa-
tors of PPARα and PPARγ, with a tenfold higher selectivity for PPARα, while 
bezafibrate activates all three PPAR subtypes at comparable doses [90]. These mol-
ecules, when investigated in rodent models of hyperlipidemia, were found to be 
active at lower doses [91]. Chemical libraries of ureidofibrates have been synthe-
sized using solid-phase synthesis, which has enabled a rapid optimization of their 
activity upon binding with the human PPAR receptors [92].

A class of antidiabetic agents known as thiazolidinediones (TZDs) or “gli-
tazones” are the first compounds reported as high-affinity PPARγ agonists [93]. 
Empirical compound screening in rodent models of insulin resistance over a span of 
almost 15 years had led to the development of TZDs [94]. TZDs, in general, have a 
higher selectivity for PPARγ than the PPARα and PPARδ subtypes. The TZDs show 
a range of activity that depends on the cellular model and the response element used 
in the transactivation assay. This can culminate in either partial or full activation of 
the PPARs. Some TZDs have also known to mediate their antidiabetic activity 
through mechanisms that do not involve PPARγ; however, there is still a possibility 
that the metabolites of these drugs cause the activation of PPARγ. An alternative 
explanation is that these compounds are able to produce tissue- or promoter-specific 
modulation of the PPARγ target genes, which may not be detected by the standard 
PPARγ transactivation assays. Should this latter hypothesis prove valid, it will add 
a new dimension to the development of PPARγ ligands, similar to the estrogen 
receptor ligands that are known to be stimulated by selective receptor modulators in 
case of osteoporosis [82].

Unlike the drugs for the other subtypes (PPARα and PPARγ), there are no known 
drugs that work through PPARδ. Thus, a part of the challenge in determining the 
functions of PPARδ has been the identification of potent and selective ligands for 
use as chemical tools [82].

5.4  Receptor-Mediated Targeting Strategies

Numerous studies report the association of PPARs with the cancers of the GIT 
although there is still some debate on the intricacies of the molecular mechanisms 
at play. Further, to complicate the matter, conflicting studies have been reported 
with regard to the tumor-suppressive and procarcinogenic roles of the PPARs in the 
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GIT cancers. These contradictions arise due to the experimental differences among 
the study protocols. However, the antiproliferative and proapoptotic effects shown 
by these receptors support their role in tumor suppression. The PPAR agonists pro-
voke several physiological modifications influencing lipid metabolism, glucose 
homeostasis, and inflammation signaling cascade. Imbalances in these processes 
are highly instrumental in the development of pathological conditions like obesity, 
metabolic derangement, and chronic inflammatory bowel disease that act as the 
major risk factors for GIT cancers. The PPARs agonists have been suggested as 
promising candidates, as well as components of combination treatments, through 
various in vitro and in vivo models of cancer.

PPARγ, in particular, has been strongly associated with majority of the GIT 
cancers. An increase in the expression of PPARγ has been reported in the case of a 
developing esophageal adenocarcinoma with a decreased level of differentiation of 
the cancerous cells [95]. The same has also been observed for gastric carcinoma and 
adenocarcinoma. Interestingly, PPARγ agonists exhibit a dose-dependent inhibitory 
effect on gastric cancer cell lines, which is augmented by the simultaneous addition 
of 9-cis retinoic acid. Induction of apoptosis along with cell cycle arrest in the G1 
phase has been suggested as one of the possible mechanisms of this antiproliferative 
effect of PPARγ activation [96]. According to a few studies in mice, a normal 
mucosa of the colon and the rectum exhibit a high expression of PPARγ, whereas 
deficiency in the intestinal PPARγ is associated with enhanced tumorigenicity. 
Mutations in the PPARγ gene not only downregulate the expression of the receptor 
but also impair its function by causing the ligand-binding domain to lose its ability 
to bind to the ligands and control the gene expression [97]. The antidiabetic gli-
tazones (rosiglitazone, troglitazone, and pioglitazone) have been shown to induce 
apoptosis in human colon cancer cells. This involves inhibition of glycogen syn-
thase kinase-3β, followed by inhibition of NF-κB, which ultimately results in poor 
cell survival. Further, glitazone also arrests cells in G0/G1 phase, with a parallel 
decrease in G0/G1 phase regulatory proteins like Cdk2, Cdk4, cyclin B1, D1, and E, 
thus inducing apoptosis. Concomitantly, there is a decrease in the antiapoptotic pro-
tein Bcl-2 and an increase in the expression of the proapoptosis-associated proteins, 
like caspase-3, caspase-9, and Bax [98]. As earlier described for gastric cancer cell 
lines, the effect of these agonists is augmented by the simultaneous addition of the 
RXRα ligand and 9-cis retinoic acid. On the other hand, in another study, cyclic 
phosphatidic acid, a PPARγ antagonist and a structural analogue of lysophospha-
tidic acid, inhibited PPARγ, consequently preventing the proliferation of human 
colon cancer HT-29 cells [99]. Synthetic and physiological agonists of PPARγ and 
PPARδ were also found to induce the expression of VEGF, a crucial growth receptor 
in cancer development, in the colorectal tumor cell lines SW480 and HT29 [100]. 
On a slightly different note, PPARδ agonists are known to promote terminal differ-
entiation, making it a promising drug target. However, once again, there are contra-
dictory reports stating pro- or anticarcinogenic effects of PPARδ in different cancer 
models. Moreover, PPARδ hampers the ability of PPARγ agonists to induce cell 
death in colorectal cancer cell lines, effectively reducing the potency of PPARγ 
agonists [101].
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The PPAR agonists have also been studied in the rarer types of GIT cancers, like 
the hepatocellular carcinoma and pancreatic adenocarcinoma. The TZDs have been 
abundantly reported to arrest cancer growth in both these types of cancers in vitro 
studies. Accordingly, troglitazone was reported to inhibit the growth and induce 
apoptosis in HepG2 cells, which are hepatic cancer cells, in a dose-dependent man-
ner. TZD also attenuated the growth of pancreatic cancer cells, in vitro, possibly 
through G1 cell cycle arrest, cell differentiation, and increased apoptosis [102]. 
These molecules have also been suggested to reduce the invasiveness of the tumor 
cells. An independent study supported the role of PPARγ as an ideal partner with the 
standard therapy based on gemcitabine, since the anticancer effect of gemcitabine 
could be enhanced using ligands of PPARγ, such as pioglitazone and rosiglitazone. 
This study concluded that PPAR ligand-based drugs like pioglitazone, that were 
originally developed against metabolic diseases like diabetes, have great potential 
as anticancer agents. However, the adverse effects associated with TZDs, such as 
weight gain, macular edema, bone loss, and heart failure, in susceptible individuals, 
should be used as the basis for investigating new analogues of the PPARγ agonists 
in order to harness their beneficial effects to the fullest.

6  Preclinical and Clinical Studies on GIT Receptors

Among the four receptors described here, somatostatin and c-Kit have been exten-
sively studied with respect to the cancers of the GIT. Therefore, several clinical 
studies support the efficacy of their ligands as anticancer therapies. In case of PPAR, 
numerous experimental studies have established the potency of their ligands in the 
cancers of the lung, breast, and colon. However, clinical trials investigating their 
efficacy against the GIT cancers are scanty. Nevertheless, the fact that these ligands 
have been successfully employed in clinical trials of several major types of cancers 
warrants their use against the cancers of the GIT. The theoretical base for this pos-
sibility has already been set by the numerous experimental and preclinical reports 
describing the efficacy of ligands of somatostatin and c-Kit in the GIT cancers. The 
following tables (Tables 5.1, 5.2, and 5.3) summarize the ongoing trials for drugs 
that are being evaluated against the cancers of the GIT.

Table 5.1 Ongoing drug trials for SSTs

Drug Phase Duration Study aim

Lanreotide, Y-90 
microspheres

Phase 2 Jul 2017– 
Mar 2020

Study of lanreotide in patients with metastatic 
gastrointestinal neuroendocrine tumors who are 
undergoing liver-directed radio-embolization with 
Yttrium-90 microspheres

Cetuximab 
nanoparticles 
decorated with 
somatostatin 
analogue

Phase 1 Feb 2019– 
Jan 2021

Targeted polymeric nanoparticles loaded with 
cetuximab and decorated with somatostatin 
analogue to treat colon cancer

(continued)
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Drug Phase Duration Study aim

Vandetanib Phase 2 Dec 2013–
Aug 2023

Phase II Trial of vandetanib in children and adults 
with wild-type gastrointestinal stromal tumors

Lutathera Nov 2018–
Dec 2024

Postauthorization long-term safety study of 
Lutathera

Lanreotide and 
Metformin

Early 
Phase 1

Apr 2016– 
Apr 2022

The Met NET-2 trial

Satoreotide 
trizoxetan

Phase 2 Sep 2017– 
Mar 2020

To evaluate the optimal dose of 68Ga-OPS202 as a 
PET (positron emission tomography) imaging 
agent in subjects with gastroenteropancreatic 
neuroendocrine tumor (GEP-NET)

Octreotide 
acetate, saline 
solution, 
paracetamol, 
sulfasalazine

Jul 2016– 
Jul 2019

Gastrointestinal nutrient transit and 
enteroendocrine function after upper 
gastrointestinal surgery (EndoGut)

Somatuline 
Depot, Keytruda

Phase 2 Jul 2017– 
Jun 2020

Study of pembrolizumab with lanreotide depot for 
gastroenteropancreatic neuroendocrine tumors

Table 5.1 Ongoing drug trials for SSTs

Table 5.2 Ongoing drug trials for c-Kit

Drug Phase Duration Study aim

Famitinib Phase 2 Mar 2012– 
Jun 2019

A study of famitinib in patients with 
gastrointestinal stromal tumor

AUY922 Phase 2 Oct 2011– 
Oct 2019

A study of AUY922 for GIST patients

PLX9486, PLX3397, 
sunitinib

Phase 2 Mar 2015– 
Mar 2020

Use of PLX9486 as a single agent and in 
combination with PLX3397 or PLX9486 with 
sunitinib in patients with advanced solid 
tumors

Imatinibmesylate, 
ipilimumab

Phase 1 Feb 2013– 
Feb 2020

Ipilimumab and imatinib mesylate in treating 
participants with metastatic or unresectable 
solid tumors

Ponatinib 30 MG Phase 2 Mar 2017– 
Mar 2020

POETIG Trial – ponatinib after resistance to 
imatinib in GIST

Apatinibmesylate 
tablets, Bevacizumab 
injection

Phase 2 Oct 2017– 
Dec 2022

Apatinib versus bevacizumab in second-line 
therapy for colorectal cancer (ABST-C)

Famitinib, placebo Phase 2 Apr 2012– 
Oct 2014

A study of famitinib in patients with advanced 
colorectal cancer

Famitinib, placebo Phase 3 Jan 2015– 
Jun 2019

Safety and efficacy study of famitinib in 
patients with advanced colorectal 
adenocarcinoma (FACT)

Imatinib Phase 2 Apr 2016– 
Mar 2020

Imatinib as preoperative anticolon cancer 
targeted therapy

Apatinib/capecitabine May 2018– 
Oct 2023

Apatinib combined with capecitabine in 
second-line treatment of advanced gastric 
cancer: a single-arm exploratory clinical pilot 
trial
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7  Conclusion and Perspectives

The factors affecting cancers include the tumor microenvironment, consisting of the 
extracellular matrix to the interconnected network of multiple pathways that partici-
pate in the normal functioning of a cell. An in-depth knowledge of the molecular 
mechanisms underlying these processes can be used to design newer therapeutic 
approaches. Unregulated checkpoints in the cell cycle can cause initial loss of con-
trol over the cell growth. Also, receptors for hormones, growth factors, and small 
molecules play a crucial role in the dysregulation of normal cellular processes, like 
cell survival and proliferation, thus resulting in tumorigenesis. For example, recep-
tor tyrosine kinases, like c-Kit, exhibit constitutive activation due to certain muta-
tions in their exons that lead to uncontrolled growth signaling. Also, the process of 
endocytosis is deeply associated with cell programming, wherein it participates in 
cell cycle regulation, mitosis, and apoptosis. It contributes to signal diversification 
and specificity and also acts as a platform for assembling of the signaling com-
plexes, thus providing a link between endocytosis and signaling. Targeting the pro-
teins involved in this machinery might lead to the identification of newer molecular 
therapies for the treatment of cancer, since endocytosis dictates the intracellular 
targeting and recycling of receptors.

Among the three receptors that have been elaborately described in this chapter, 
the SSTs and c-Kit offer possibilities of many clinically relevant anticancer thera-
pies for the GIT. On the other hand, PPAR is known to have definite role in cancer, 
but lack data regarding effective ligands. Also, ligands against receptors, like the 
growth factor receptors, chemokine receptors, and hormone receptors, are clinically 
effective against the cancers of the GIT. Figure 5.4 gives an overview of the receptor- 
mediated strategies explored for the treatment of the malignancies affecting the 
various organs of the GIT.

Peptide and nonpeptide ligands, sometimes labeled radioactively or fluorescently, 
have been explored both individually and as a part of combinatorial therapy. 
Monoclonal antibodies, chemotherapeutic agents, and small molecules are all being 
simultaneously investigated to evaluate their synergistic effects if any. Nevertheless, 
these molecules exhibit some adverse effects like GI toxicity, skin rashes, diarrhea, 
nausea, fatigue, and hematological malignancies. These unwanted effects can be 
mitigated using ligand-based therapies, which may further be combined with 
nanoparticulate delivery systems, for exploiting the benefits of the latter. Alternatively, 

Table 5.3 Ongoing drug trials for PPAR

Drug Phase Duration Study aim

Pioglitazone, nivolumab, 
treosulfan, clarithromycin

Phase 2 Jan 
2016–Jul 
2020

A trial with metronomic low-dose 
treosulfan, pioglitazone, and 
clarithromycin versus standard treatment 
in NSCLC

Metformide hydrochloride/ 
pioglitazone hydrochloride 
extended release tablet

Phase 2 Aug 
2017–Mar 
2019

ACTOplus Met XR in treating patients 
with stage I–IV oral cavity or oropharynx 
cancer undergoing definitive treatment
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newer approaches like miR-mimics are gaining popularity as means of controlling 
gene regulation and thus combating cancers. The treatment regime against GIT can-
cers can be further improved by identifying ancillary targets involved in processes 
like endocytosis and trafficking, which may be more potent in combating these 
malignancies and simultaneous development of newer drugs and delivery systems.
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Chapter 6
G-Protein Coupled Receptors in Cancer 
and Targeting Strategies

Aditya Narvekar, Ashu Srivastav, Aparna Tripathi, Padma V. Devarajan, 
Ratnesh Jain, and Prajakta Dandekar

Abstract G-protein-coupled receptors (GPCRs) play a significant role in a myriad 
of physiological processes. Therefore, deregulation of GPCR function is implicated 
in various cancers, making them a suitable target for targeted therapy. Many studies 
have indicated a key role of GPCRs in cancer initiation, progression, tumorigenesis, 
and metastases. This manuscript will discuss a few examples of GPCRs involved in 
cancer with respect to their structure activity, mechanism of binding, ligands 
explored, and antagonists, along with the targeting strategies. Many clinical trials 
with different GPCR targeting drugs are ongoing and are expected to contribute to 
existing anticancer therapeutics. The research in the area of targeting GPCR is 
anticipated to exploit their potential as pharmacologically important targets.
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AXIN Axis inhibition protein
CAD Coronary artery diseases
cAMP Cyclic adenosine monophosphate
CaR Calcium sensing
CBP CREB-binding protein
CK1 Casein kinase 1
CRD Cysteine-rich domain
DAG Diacylglycerol
DKK Dickkopf
DSH Dishevelled
DSPE-PEG  1,2-distearoyl-sn-glycero-3-phosphoethanolamine-poly 

(ethylene glycol)
ECL Extracellular loops
EDG Endothelial differentiation gene
EMT Epithelial-mesenchymal transition
EPCR Endothelial protein C receptor
FRET Fluorescence resonance energy transfer
FZD Frizzled receptor
FZD7-NS FZD7 antibody-nanoshell conjugate
G2A G2 accumulation
GDP Guanosine diphosphate
GPCRs G-protein-coupled receptors
GSK Glycogen synthase kinas
GTP Guanosine triphosphate
HCC Hepatocellular carcinoma
IC Inhibitory concentration
ICL Intracellular loops
IP3 Inositol triphosphate
LEF/TCF Lymphoid enhancer factor/T-cell factor
LPA Lysophosphatidic acid
LRP Lipoprotein receptor-related proteins
LRR Leucine-rich repeat-containing receptors
MAPK Mitogen-activated protein kinase
MI Myocardial infarction
MMP Matrix metalloproteases
mTORC2 Mammalian target of rapamycin complex 2
NDP gene Norrie disease protein gene
NF-κB Nuclear factor kappa light chain enhancer of activated B cells
NIR Near-infrared radiation
NT N-terminal sequence
OMP-18R5 Vantictumab, a monoclonal antibody
OMP-54F28 A novel recombinant fusion protein
PAP Protease activable prodrugs
PAR Protease-activated receptor
PC Planar cell polarity
PEG Polyethylene glycol

A. Narvekar et al.



173

PI3K-AKT Phosphatidylinositol 3-kinase-protein kinase B
PIP 2 Phosphoinositol
PK Protein kinase
PKC Protein kinase C
PLC Phospholipase C
PLC-β Phospholipase C-β
PORC Porcupine
RAC Ras-related C3 botulinum toxin substrate
RAF-MEK-MAPK  Rapidly accelerated fibrosarcoma-MAPK ERK kinase- 

mitogen- activated protein kinase
Rho RAS homologous protein family
Ryk and Ror2 Tyrosine kinase receptor
SFRP Secreted frizzled-related protein
sFZD7 Soluble frizzled receptor 7 antagonist decoy receptor
TcdB Clostridium difficile toxin B
TLS Tethered ligand sequence
TM Transmembrane
TSH Thyroid-stimulating hormone
UCNP Up-conversion nanoparticles
VEGF Vascular endothelial growth factor;
WNT Wingless type protein
XWnt Xenopus wingless type protein

1  Introduction

G-protein-coupled receptors (GPCRs) are the most widely targeted receptors in the 
case of endocrine tumors, with the associated therapeutics being already approved 
by the USFDA. However, numerous researchers have now established the participa-
tion of GPCRs even in other tumor types, due to which they are being looked upon 
as the “druggable” and novel targets for the treatment of cancers [1]. GPCRs regu-
late a myriad of physiological functions through the G-proteins, by transduction of 
a wide and diverse array of external stimuli. They are thus involved in a wide variety 
of physiological processes like vision, taste, smell, pain, mood regulations, etc. As 
a consequence, dysregulation of GPCRs is commonly observed in numerous human 
diseases, rendering them as important targets for numerous therapeutic molecules 
[2]. Currently, more than 60% of the marketed anticancer drugs are based on GPCRs 
and almost 34% of all the pharmaceutical prescriptions in the current market target 
the GPCRs [3].

GPCRs constitute the largest family of cell surface receptors that are involved in 
the transmission of cellular signals. These include more than 800 proteins, which 
are encoded by more than 2% of the total human genome [4]. Although historically 
all the GPCRs were believed to mediate their signaling in the aforementioned way, 
as depicted in Fig. 6.1, it is now well established that they can also signal via other 
mechanisms and even function independently of ligands. Recent studies have 
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reported that β-arrestins, known for their function in receptor desensitization, can 
also serve as independent signaling molecules and as scaffolds for various signaling 
modules [5].

Along with the regular physiological processes, numerous evidences have sug-
gested the role of GPCRs in cancer progression and development. GPCRs control 
many features of tumorigenesis, such as invasion, proliferation, and survival at the 
secondary sites. A few from the 130 orphan GPCRs have been implicated in cancer 
development and progression. An elevated expression of an orphan GPCR, GPR49, 
is involved in the formation and proliferation of the basal cell carcinoma, while 
GPR18 is involved in melanoma metastases. High levels of GPR87 have been 
reported in lung, cervix, skin, urinary bladder, testis, head, and neck squamous cell 
carcinomas. On the other hand, GPR56 has been shown to inhibit the progression of 
prostate cancer and suppress the tumor growth and metastasis in melanomas. It also 
inhibits vascular endothelial growth factor (VEGF) production in the melanoma 
cells and thus prevents angiogenesis and growth. Therefore, deciphering the role of 
GPCRs in the development of cancer may lead to a better understanding of the can-
cer pathogenesis, as well as provide specific targets for the development of targeted 
therapeutics. Extensive studies on these receptors are anticipated to provide the 
basis for designing newer drugs in different types of human cancers. A few of these 
GPCRs and their involvement in cancer have been summarized in Table 6.1 [6].

In the subsequent sections, we will discuss some of the important GPCRs with 
respect to their structure, functions, scope of targeting, the advantages and limita-
tions of targeting them, and the preclinical and clinical outcomes of targeting these 
receptors for alleviating various types of cancers.

Fig. 6.1 Signaling mediated by GPCR
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The chapter will include elaborate discussion about protease-activated receptors 
(PAR), lysophosphatidic acid receptors, and frizzled receptors. PARs are expressed 
on nearly all cell types in the blood vessel walls, such as endothelial cells, fibro-
blasts, myocytes and blood cells (platelets, neutrophils, macrophages, and leukemic 
white cells), except the red blood cells. They are uniquely stimulated by a tethered 
ligand located within the N-terminus of the receptor itself, rather than by an inde-
pendent ligand [7]. They play important roles in vascular physiology, neural tube 
closure, hemostasis, and inflammation. All of these promote cancer invasion and 
metastasis, at least partially, by facilitating the tumor cell migration, angiogenesis, 
and interaction with the vascular cells such as platelets, fibroblasts, and the EC lin-
ing [8]. On the other hand, activation of the lysophosphatidic acid receptor is medi-
ated through LPA, which results in aberrant expression patterns of various GPCRs. 
LPA production occurs from lysophosphatidylcholine, in presence of the enzyme 
autotaxin (ATX). This LPA-ATX-LPAR (Lysophosphatidic acid receptor) signaling 
axis has an enormous significance in progression of various human cancers. Thus, 
overexpression of ATX or LPARs has been correlated with malignancies, metasta-
ses, and chemo-resistance of tumors, in various cancer types [9]. Finally, the friz-
zled receptors (FZD1–10) bind to the secreted Wnt proteins, and by activating Wnt 
signaling, they play a crucial role in the progression of various cancers [10]. It has 
been observed that blockade of the FZDs by antibodies or by small molecule inhibi-
tors can inactivate the Wnt signaling, thereby hampering the initiation and progres-
sion of various human cancers [11]. These GPCRs have thus been highlighted in 
this chapter. Chemokine receptors, the most significant and the well-documented 
GPCRs, and which are intricately involved in various cancer types, will be elabo-
rately discussed in Chap. 9.

Table 6.1 Types of GPCRs and their involvement in cancer [6]

Sr. no. Type of GPCRs Activity in cancer

1. Chemokine receptors Induce the proliferation of cancer cells and 
prevent apoptosis

2. Protease-activated receptors (PARs) Promote angiogenesis
3. Lysophospholipid (LPA) receptors Prevent apoptosis and promote cell proliferation
4. E-prostanoid (EP) receptors Tumor promoter
5. Smoothened (SMO) receptor Carcinogenesis
6. Frizzled (FZD) receptors Wnt signaling
7. Leucine-rich repeat-containing 

receptors (LRR)
Gastric cancer

8. G2 accumulation (G2A) receptor Oncogenesis
9. Thyroid-stimulating hormone (TSH) 

receptor
Growth and survival of pituitary cancer

10. Calcium-sensing (CaR) receptor Growth of parathyroid gland cancer
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2  Conditions Characterized by Overexpression of GPCRs

The expression of GPCRs in a variety of cancers has been analyzed using the 
in silico approach. The potential roles of GPCRs, in different stages of cancer pro-
gression, have been identified. Here, we have discussed about lung cancer which 
shows overexpression of GPCRs.

Lung cancer is generally categorized into small-cell lung (SCLC) and 
nonsmall- cell lung cancer (NSCLC). The most dominant histological subtype of 
NSCLC is the adenocarcinoma. Microarray studies of adenocarcinomas have 
exhibited overexpression of GPCRs. Overexpression of a number of GPCRs 
including several chemokine receptors, neuropeptide receptors, hormone recep-
tors, lysophosphatidic acid receptors etc. is known to occur in lung adenocarcino-
mas. Many other GPCRs, such as neurotensin receptor, PAR-3, and Edg-2, have 
been observed in the later stages of cancer development and their levels are upreg-
ulated in the stage III of lung cancer [12]. Therefore, the role of various GPCRs 
in cancers renders them as novel pharmacological targets in the treatment of 
cancer patients. Among the several GPCRs implicated in various malignancies, a 
few of whose significance was highlighted in the previous section will be discussed 
in detail in this chapter.

3  Protease-Activated Receptors

G-protein-coupled protease-activated receptors (PARs), which are uniquely acti-
vated by proteolysis, account for approximately 2% of the human genome. These 
receptors perform diverse biological functions. Four PARs, with distinct N-terminal 
cleavage sites and tethered ligand pharmacology have been identified till date. These 
are activated by the action of serine proteases, such as thrombin, which acts on 
PARs 1, 3, and 4, and trypsin, which acts on PAR 2. These enzymes cleave the 
N-terminus of the receptors [13]. Thrombin is an established signaling protease that 
exerts many of its effects through PAR 1 and PAR 3. Trypsin may function as a 
signaling molecule in the lumen of the small intestine, by cleaving and activating 
the PAR 2 on enterocytes [14]. The PARs are predominantly expressed in the vascu-
lar, immune, and epithelial cells, astrocytes, and neurons. They transmit cellular 
responses to the coagulant proteases as well as the other proteases expressed in 
distinct tissues. Further, they play a critical role in homeostasis, thrombosis, embry-
onic development, wound healing, inflammation, and cancer progression [15]. The 
PARs represent excellent examples of GPCRs that are regulated by distinct desensi-
tization and endocytic sorting mechanisms. The human PARs, 1–4, include 
sequences like SFLLRN-NH2, SLIGKV-NH2, TFRGAP-NH2, and GYPGQV-NH2, 
respectively (represented in Fig. 6.2). Except for PAR3, these peptide sequences are 
able to act as receptor agonists.
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3.1  Recognition Domain of the PAR

PAR 1 is a GPCR consisting of 415 amino acids and includes five functional domains, 
namely, the extracellular N-terminal, the extracellular loop, the seven hydrophobic 
transmembrane domains, the intracellular loop, and the intracellular C-terminal [16]. 
The extracellular N-terminal contains the cryptic tethered ligand (TL) and an 
N-terminal sequence (NT) that is essential for PAR1 signaling. The three extracellular 
loops (ECL1, 2, 3), three intracellular loops (ICL1, 2, 3), as well as a fourth putative 
loop (ICL4) can be formed transiently, via reversible palmitoylation of a C-terminal 
cysteine residue and the C-terminal tail of the receptor, which is involved in signal 
termination/desensitization and trafficking. The TLS is unmasked by the proteolytic 
activation, which leads to the putative docking of the TL domain near the extracellular 
loop-2 (ECL2). Residues in the N-terminal extracellular sequence play an important 
role in the activation of PAR1. The G-protein coupling is mediated via the intracellular 
loops 2 and 3 (ICL 2 and 3), along with the putative fourth loop formed by a palmi-
toylated cysteine residue in the C-terminal domain. The C-terminal domain plays an 
important role in receptor signaling kinetics, desensitization/internalization, and traf-
ficking. The PAR system is energy expensive because the cell is required to synthesize 
new PAR receptors following each PAR signaling event [17].

3.2  Binding of Substrate/Ligand with PAR Receptor

The PARs are activated through a unique mechanism of enzymatic activation, 
through the proteolysis of the receptor. This proteolytic cleavage is mediated by a 
well-characterized family of enzymes that require the serine proteases within the 

Fig. 6.2 Protease-activated receptor (PAR 1, PAR 2, PAR 3, and PAR 4) amino acid sequence with 
NH2-terminus. Arrow indicates the cleavage site, while the box residues show the ligand domains
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active site. Receptor activation involves several steps, which are common for most 
of the receptors. The first step involves interaction of ligands with its receptor. 
Serine proteases activate PARs by recognition and cleavage of the receptor at the 
specific enzymatic site within the extracellular N-terminal and finally expose the new 
N-terminus that acts as a tethered ligand. This further binds to and activates the cleaved 
receptor molecules. The PARs are considered as specialized peptide receptors because 
their ligands are physically a part of the cleaved receptor molecules. The second step 
of GPCR activation is a change in the conformation of the receptor. Finally, receptors 
in an active conformation interact with the heterotrimeric G-proteins in the plasma 
membrane, which leads to signal transduction. The PARs couple with several 
diverse G-proteins. In case of Gαq, activation of PLC-β (phospholipase C-β) and 
PIP2 (phosphatidylinositol 4,5-bisphosphate) takes place, which forms IP3 (inositol 
triphosphate) and DAG (diacylglycerol) [18]. This leads to calcium ion mobiliza-
tion and activation of protein kinase C (PKC). They also couple with Gi proteins, 
which inhibit adenylyl cyclase and suppress the formation of cAMP.

3.3  Antagonists of Ligand Binding

The antagonist of PARs is known to induce conformational changes within the 
transmembrane helices. PARs are activated via peptide-ligand interactions with the 
residues in the second extracellular loop of the receptor. Vorapaxar (FDA-approved) 
is a highly specific, irreversible PAR1 antagonist. In a Phase III clinical trial, 
Vorapaxar was found to be effective against recurrent myocardial infarction [19]. 
YD-3 ([1-benzyl-3(ethoxycarbonylphenyl)-indazole), a new synthetic indazole 
derivative, possesses an inhibitory effect on platelet aggregation. PAR1 and PAR4 
contribute to human platelet activation, in the presence of high concentrations of 
thrombin, and inhibition of both these receptors is required to overcome thrombin- 
induced platelet aggregation. YD-3 was found to competitively inhibit the thrombin- 
induced platelet aggregation, with little or no inhibitory effect on the actions of 
other platelet activators [20]. Atopaxar, a PAR 1 antagonist, is an antiplatelet agent 
that has undergone Phase I and II clinical trials for patients with coronary artery 
disease. Parmoduin is a small molecule antagonist that targets PAR1. It binds to the 
intracellular face of PAR1 and interferes with activated GPCR. Pepducin is a unique 
GPCR antagonist. Its function is to disrupt the interaction between the receptor and 
heterotrimeric G-protein. It consists of a peptide sequence, corresponding to a 
region in the intracellular loop or C-terminus of the target GPCR.  GB88 
 (5- isoxazoyl- Cha-Ilespiroindene-1, 4-piperidine) is a potent reversible antagonist 
that blocked PAR2 activation by endogenous proteases and by the synthetic peptide 
agonists both in in vitro and in vivo studies. This compound was found to attenuate 
the inflammation in rat model of colitis. It blocked only certain PAR2-stimulated 
signaling pathways. Further, it was found to be selective for Ca2+ mobilization, but 
not for MAP kinase activation [21].
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3.4  Targeting Strategies for PAR

The GPCRs represent a superfamily of receptors that have been linked to various 
disorders of diverse organs. Thrombin was the first protease that cleaved PAR1 and 
hence was also referred to as the thrombin receptor. While majority of the GPCRs 
are stimulated by the association of small, soluble peptides with the deep binding 
pockets on their extracellular face, PAR1 is activated by cleavage at its N-terminus, 
which exposes a tethered ligand [22]. The mechanism of intramolecular activation 
leads to conformational changes that transmit signals to the cognate G-proteins and 
β-arrestin. Matrix metalloproteases (MMPs), such as MMP1, MMP2, MMP9, and 
MMP13, also cleave PAR 1 at a site other than that cleaved by the serine proteases 
[23]. Thus, proteolysis of PAR 1 by different proteases and at distinct cleavage sites 
leads to multiple cellular responses due to a single receptor. In addition to the cleav-
age at the designated site, different proteases interact with PAR1 through distinct 
mechanisms. Thrombin binds via exosite I to a hydrophobic hirudin-like sequence 
DK51YEPF55, on the extracellular face of PAR1. It facilitates the interaction of the 
cleavage site of PAR1 with the active site of thrombin. After cleavage of PAR1 by 
thrombin, the receptor serves as a protease responsive guanine nucleotide exchange 
factor, replacing the GDP with the Gα of GTP. In APC-mediated cleavage, the PAR 
first binds to the endothelial protein C receptor (EPCR), which is compartmental-
ized in lipid rafts, and leads the protease to the endothelial surface. Binding of APC 
to EPCR recruits APCR kinase 5, which phosphorylates the cytoplasmic tail of 
PAR1 and facilitates the recruitment of β-arrestin [24].

3.4.1  PAR Activity in the Reticuloendothelial System

In human endothelial cells, activation of PAR1 by thrombin promotes its coupling 
with the α subunit of G12/13 and Gαq, and hence activation of the Ras homolog gene 
family member A (RhoA), as well as other signaling effectors [25]. Activation of 
PAR1 by coagulant protease thrombin results in RhoA activation, disassembly of 
the adherens junction, and disruption of the endothelial barrier [24]. In contrast, 
activation of PAR1 through anticoagulant protease-activated protein C (APC) 
results in the activation of RecA and enhances the endothelial barrier protection 
[26]. Cytoprotective signaling by APC-activated PAR1 is mediated through the 
recruitment of β-arrestin and activation of the dishevelled-2. In human endothelial 
cells, PAR1 and β-arrestin form a preassembled complex and co-segregate in 
caveolin- 1-enriched fraction. It was found that reduction in the expression of 
β-arrestin via RNA interference resulted in the loss of APC-induced activation of 
Rec1, but did not affect thrombin-stimulated Rho signaling. APC also failed to pro-
tect against thrombin-induced endothelial barrier permeability in cells deficient in 
β-arrestin expression [27].
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3.4.2  Prodrugs and Drug Complexes Used to Target the PARs

The prodrugs, administered in the inactive form, are bio-transformed to their active 
form. In most cases, these are simple chemical derivatives which can be converted 
into the active drug by enzymatic or chemical reactions. Increased expression or 
altered localization of proteases is typical in many cancers. Among the proteases, 
cathepsins are known to be upregulated in several tumor tissues. Overexpressed 
cathepsins are important biomarkers for cancers and can serve as key targets for 
prodrugs to induce the release of anticancer drugs into the tumor tissue or inside the 
tumor cells [28]. Cathepsin B is a lysosomal cysteine protease that is overexpressed 
in various tumor types and is associated with the exterior of cell surfaces. For exam-
ple, amino acid and dipeptide-daunorubicin conjugates were administered for leu-
kemia. It was found that the conjugates led to superior suppression of tumor growth, 
as compared to the drug alone. N-l-leucyl-doxorubicin (Leu-DOX) was developed 
as a prodrug of DOX. Leu-DOX prodrugs were also developed to lower the cardio-
toxicity and improve the therapeutic index of DOX. The complex exhibited superior 
antitumor activity as compared to DOX due to its enhanced hydrophobicity and 
proteolysis in the tumor tissue by the cathepsins. MMP (metalloproteinase)-acti-
vated prodrugs have been widely studied as they are found in the extracellular and 
pericellular areas of the cell. These have been developed by the chemical conjuga-
tion of MMP-cleavable peptide substrate (Glu-Pro-Cit-Gly-Hof-Tyr-Leu) to 
DOX. The peptide substrates are specifically cleaved by MMP-2, 9, and 14. Addition 
of MMP-2 to the albumin-peptide-DOX conjugate released the tetrapeptide-DOX, 
which was further converted into DOX. This conjugate showed superior anticancer 
effect as compared to the native DOX at an equi-toxic dose. Prodrugs have been 
categorized into cathepsin B-activated prodrugs, antibody-directed enzyme pro-
drugs, protease cleavable peptide-thapsigargin conjugates, and protease-activated 
cytotoxic receptor ligands [29]. Overall, the protease-activated prodrugs (PAPs) 
have shown superior pharmacokinetic properties as compared to the free drugs due 
to their improved chemical stability, hydrophilicity, and circulation time in the 
bloodstream. Table 6.2 lists the details of various prodrugs that are currently being 
investigated for different cancer types.

Table 6.2 Prodrugs in clinical trials

Sr. No. Name Protease Indication Status

1. Brentuximab Cathepsin B Hodgkin lymphoma Approved
2. OPAXIOTM Cathepsin B NSCLC Phase III
3. PKI Cathepsin B Cancer Phase I/II
4. PK2 Cathepsin B Liver cancer Phase I/II5.
5. L-377,202 PSA (Prostate specific antigen) Prostate cancer Phase II
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3.4.3  Nanocarriers for PARs

Protease-activated nanomaterials have been extensively developed and have shown 
significant targeting ability as improved cancer theranostics. Protease-activated 
nanoparticles, such as MMP sensing nanoparticles, cathepsin sensing nanoparticles, 
and other protease-activated nanomaterials, have been developed (listed in 
Table  6.3). Graphene, dual fret quenching nanoprobes, liposomes, nanoworms, 
polymeric nanoparticles, up-conversion nanoparticles, etc. are the most common 
types of nanocarriers that have been developed to target various cancers. 
Up-conversion nanoparticles (UCNPs) attracted considerable attention due to their 
tunable fluorescence and near-infrared irradiation. MMP2-sensing UCNP conju-
gated to gold nanoparticle was fabricated and named as UCNP@p-Au. The gold 
nanoparticle neutralized the multifluorescence emitted by UCNP upon excitation by 
NIR irradiation, and this fluorescence-quenched UCNP was evaluated in head and 
neck cancer cell lines expressing MMP2 proteases. Further, 1,2-distearoyl-sn- 
glycero-3-phosphoethanolamine-poly(ethylene glycol) DSPE-PEG and cathepsin 
B-sensitive peptides were used to produce a lipidated cathepsin B inhibitor [30]. 
Thrombin upregulation promotes cancer metastasis by increasing the malignant cell 
adhesion. Thrombin-sensitive peptide substrates were conjugated to 40  nm iron 
oxide nanoworms to detect thrombosis. These nanoworms carried a fluorescent 
probe attached to a thrombin-sensitive peptide. After thrombosis, fluorescent probes 
were released and detected in a 96-well plate by ELISA [31]. In case of cathepsin, 
it has been observed that a lipidated cysteine cathepsin B inhibitor incorporated 
with a therapeutic drug and a fluorophore to form a liposomal nanocarrier showed 
efficacy for tumor theranostics in an animal model.Ru@SiO2 nanoparticle moni-
tored cell apoptosis by detecting caspase 3 activity. Table  6.3 states the various 
protease-activated nanomaterials that are being explored for anticancer therapy.

Table 6.3 Protease-activated nanomaterials for targeted cancer theranostics

Sr. No. Nanocarriers Protease Target

1. Graphene MMP14 Mouse squamous cell carcinoma
2. Dual FRET quenching 

nanoprobe
MMP2 Mouse squamous cell carcinoma

3. Liposomal Cathepsin B Polyoma middle T oncoprotein mouse
4. Nanoworm Thrombin Mouse lung, urine analysis
5. Nanomaterials Caspase 3 Human bone marrow cell line
6. Polymeric nanoparticle MMP2 Colorectal cancer
7. Polymeric nanoparticle Cathepsin B Human pancrease/colon/gastric cancer 

cell line
8. Up-conversion nanoparticles MMP2 Head and neck cancer
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4  Lysophosphatidic Acid Receptor

Lysophosphatidic acid (LPA-1-acyl-2-lyso-sn-glycero-3-phosphate) is a growth fac-
tor like, the simplest glycerophospholipid abundantly present in the biological fluids. 
It mediates diverse cellular responses, such as stimulation of DNA synthesis, cell 
proliferation, differentiation, inflammation, angiogenesis, cell survival, and platelet 
aggregation. It is a bioactive lipid mediator that interacts with G-protein- coupled 
transmembrane receptors to mediate a wide range of biological actions. At least six 
receptors, such as LPA1-6, have been identified so far. They belong to the endothelial 
differentiation gene (EDG) family of receptors. The cell type decides the expression 
patterns of LPA receptors. While LPA1 is ubiquitously expressed, the expression 
levels of the other receptors vary with the physiological conditions in the tissues. 
Every LPA receptor exerts diverse effects in the cancer cells [32].

4.1  Recognition Domain of the LPAR

The carboxyl terminus of the LPAR is important for receptor signaling and recogni-
tion. The extreme end of the C-terminus possesses the PDZ domain, which is of 
canonical type and consists of 362–364 amino acids. PDZ is an acronym derived 
from the names of the first three proteins in which this domain was observed, 
namely, the postsynaptic density protein 95 (PSD-95), Drosophila disc large tumor 
suppressor (Dlg1), and zona occludens 1 (ZO-1). This domain plays a significant 
role during LPA-induced cell proliferation and activation of the Rho family of 
GTPases through PDZ-Rho guanine nucleotide exchange factors. The canonical 
PDZ domains generally consist of six β strands, namely, βA–βF, with a short αΑ and 
a long αB helix. It is a highly conserved fold with a varying secondary structure 
length. The N and the C termini are in close proximity to each other, on the side 
opposite to the peptide binding site, in a groove between the short and long α helix. 
Deletion of the PDZ domain prevents signal attenuation, which controls the LPAR 
activation and cell proliferation [33].

4.2  Cascades of Binding of the Ligands to the LPAR

The heterotrimeric components of the LPA receptors, such as the G-proteins, trigger 
responses that result in diverse outcomes, depending on the context and the cell type 
[34]. They result in the activation of proteins involved in pathways, such as the 
RHO, which regulates cell migration, invasion, and cytoskeletal re-adjustments. 
Similar processes are also regulated by RAC (Ras-related C3 botulinum toxin sub-
strate) activation, which occurs downstream of Gα-i/o-PI3K [35]. However, the 
most significant function of LPA-induced Gα-i/o is mitogenic signaling, through the 
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rapidly accelerated fibrosarcoma-MAPK ERK kinase-mitogen-activated protein 
kinase (RAF-MEK-MAPK) cascade, and survival signaling, through the phosphati-
dylinositol 3-kinase-protein kinase B (PI3K-AKT) pathway. Gα-q/11 regulates Ca2+ 
homeostasis through phospholipase C (PLC) and secondary messengers such as 
diacylglycerol (DAG) and inositol triphosphate (IP3) [36]. Lastly, GαS can increase 
cAMP concentration, upon LPA-mediated activation of adenylyl cyclase [37].

4.3  Structure-Activity Relationship of the Ligands for Selective 
Binding to the LPAR

Characterization of the three EDG families of LPARs has led to investigations to 
understand the structure-activity relationship (SAR) of the LPA agonists [38]. The 
SAR studies have not been extended to the more recently discovered receptors, 
which fall out of the EDG family. Table 6.4 enlists analogs that have been exten-
sively studied for their agonistic activity toward both EDG and non-EDG families 
of receptors. The phosphate monomethyl ester, the closest analog to LPA [39], was 
tested on all the LPA receptors. It activated LPA1-5 with potencies 5–20 times lower 
than that of the native LPA. The ethyl and butyl esters, which were characterized for 
their activity toward LPA1-4, showed a poor potency. The decreased potency of the 
methyl ester was attributed to the steric effect arising due to the bulky methyl group, 
which is not present in the LPA, or the electrostatic effects that arise due to the 
change in the overall charge of the phosphate group. The lysophosphatidic acid 
moiety is negatively charged by virtue of the phosphate group attached to the acyl 
chain. The addition of the methyl ester group decreases the overall negative charge 
of LPA, thus causing electrostatic repulsive interactions with the receptor [40].

Table 6.4 Compounds studied for their agonistic activity toward the EDG and non-EDG families 
of LPA receptors

Sr. No. Compound Structure

1 LPA-methyl 
phosphomonoester

O

O O

O

P

OH
OH
OCH3

2 Phosphorothioates
O O

R
1

OR
2

P

S

OH
OH

*

3 VPC31143
∗R

H

*N

O

O

O

P

OH

OH
OH

4 VPC31144
∗S

H

*N

O

O

O

P

OH

OH
OH

6 G-Protein Coupled Receptors in Cancer and Targeting Strategies



184

4.4  Ligands Explored for the LPARs

LPA and its naturally occurring analogs interact with the LPARs on the cell surface 
or the nuclear hormone receptor within the cell. These ligands regulate various 
physiological processes, such as cell survival, apoptosis, growth, differentiation, 
transcription, and malignant transformation, through interaction with various 
LPARs. Several naturally occurring ligands have been listed in Table 6.5 [41] which 
are analogs of LPA and are known to regulate these physiological processes. 
Similarly, numerous synthetic ligands have also been explored for regulating differ-
ent malignancies and have been listed in Table 6.5 [41].

Table 6.5 Ligands of the LPARs

Sr. No. Chemical name Structure

Naturally occurring ligands

1. LPA 18:1, Oleoyl-lysophosphatidic acid

2. AGP 18:1, 1-O-octadecyl glycerophosphate

3. CPA 18:1, Oleoyl-cyclic phosphatidic acid

4. ALKENYL-GP, Alkenylglycerophosphate

5. NAG, N-arachidonoyl glycine

6. FMP, Farnesyl monophosphate

Synthetic ligands

7. Ki1641

8. Amgen25

(continued)

A. Narvekar et al.



185

Table 6.5 (continued)

Sr. No. Chemical name Structure

9. AP29660

10. LPA bromo-phosphonate

11. Diacylglycerol pyrophosphate

12. H2L515099

13. H2L5765834

14. H2L5987411

15. NSC-47091

16. NSC-161613

17. Tetradecyl-phosphonate

18. 2Carba CPA 18:1

19. VPC 12449

20. D-sn-1-O-oleyl-2-O-methyl-glyceryl-3-
phosphothionate
OMPT

4.5  Antagonists for the LPARs

An antagonist may be a drug or a ligand that diminishes or blocks the physiological 
responses by binding to or blocking a receptor, as opposed to an agonist that triggers 
a response. While elevated levels of LPA cause tumor progression and invasion, 
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they have a protective effect at low doses. The antagonists of LPAR 1 and 3 have 
therapeutic potential as they inhibit inflammation, neoplasms, and ischemic reper-
fusion injury [42]. Antagonists like VPC12249, that is specific to a particular sub- 
family of LPARs (LPAR 1 and 3), have exhibited a protective effect in various 
pathological conditions. This was discovered by Heasely et  al. when a series of 
2-substituted N-acyl ethanolamine phosphoric acid derivatives were synthesized 
and evaluated at the LPARs. VPC12249 possesses a bulky benzyl-4-oxybenzyl sub-
stitution, at the 2-position, in the linker region [43]. A series of VPC analogs were 
prepared and analyzed for their structural components, such as the N-acyl moiety, 
the outermost benzyl substituent, and their stereochemistry. The SAR indicated that 
the phospholipid chain length played an important role in the binding of the antago-
nist to its receptor. It was observed that the compounds active at the LPAR 1 con-
tained long chain unsaturated phospholipids. Palmitoyl derivatives displayed 
activity at LPAR 3, while linoleoyl amide exhibited activity at the LPAR1. When the 
benzyl moiety of the receptor was replaced with small alkyl substituents, the 
 inhibitory activity of the antagonists diminished. Among the various stereoisomers 
evaluated at the receptors, the R stereoisomers were found to be more potent than 
the S counterparts [42]. Antagonists that are selective to the different LPAR sub-
types are enlisted in Table 6.6.

4.6  Targeting Strategies for LPA Receptors

Fells et al. reported that activation of the LPAR 2 protects the intestinal crypt cells 
from both radiation-induced and chemotherapy-induced apoptosis. Longer survival 
of irradiated mice was demonstrated in in vivo studies, even when the mice were 
treated with an agonist after irradiation. A nonlipid agonist GRI977143 was recently 
evaluated through animal studies. It rescued apoptotically attacked cells from high- 
dose γ-irradiation-induced injury, in in vitro and in vivo investigations. It exhibited 
features of a radiomitigator, as it was effective in rescuing mice from deadly levels 
of radiation. It activated ERK1/2 prosurvival pathway, effectively reduced Bax 
translocation to the mitochondrion, attenuated the activation of initiator and effector 
caspases, reduced DNA fragmentation, and inhibited PARP-1 cleavage associated 
with γ-irradiation-induced apoptosis. LPA agonists were therefore, considered as 

Table 6.6 Antagonists selective to LPAR subtypes

Sr. No. Receptor type Antagonist

1 LPA1 BMS-986020, AM-966, ONO- 7300243, AM095
2 LPA2 Dodecyl phosphate, decyldihydrogen phosphate, GRI977143
3 LPA3 Dioctanoylglycerol pyrophosphate
4 LPA5 TCLPA5

A. Narvekar et al.



187

promising starting points for development of lead compounds with therapeutic 
potential. LPAR antagonists have also been investigated as anticancer moieties. 
Antagonists, which are analogs of LPA and contain phosphate or cyclic thiophos-
phonate carbon linker regions and fatty acyl chains, have been examined in in vivo 
studies. Other antagonists, which have been tested in  vivo, share limited resem-
blance with the LPA, consist of a carboxylate or a carboxylate ester group at one 
end, and are considered as a phosphate bioisostere. The LPARs are thus broad- 
spectrum targets for both chemotherapy and combination therapy with the existing 
anticancer drugs [44, 45].

The α-bromophosphonate analog of LPA displayed the ability to antagonize 
LPA1-5 and also inhibited the LPA, at a very preliminary stage, during its produc-
tion by autotaxin. This compound was able to reduce the size of tumor xenografts 
derived from breast, colon, and nonsmall-cell lung cancer cells, relative to the 
untreated controls. Vascularization in 3D lung cancer xenograft model was also 
reduced by this compound [46, 47]. The LPA1 and LPA3 receptors were antago-
nized by carbocyclic phosphothionate derivative of cyclic phosphatidic acid (ccPA- 
phosphothionate), which also inhibited autotaxin activity, but had no impact on the 
LPA2 activity. Lung metastases, developed by injecting B16F10 cells in the tail 
veins of mice, were reduced after injecting ccPA-phosphothionate, at concentra-
tions ranging from 50 to 100 μM.  The role of LPA in the development of bone 
cancer pain has been probed in animals, by using LPA1 and LPA3 antagonist, 
VPC32183. After being injected with the cancer cells, the mice exhibited attenua-
tion of mechanical allodynia and thermal hyperalgesia. This study involved target-
ing of the LPA signaling pathway for the treatment of cancer-related symptoms, as 
compared to the other studies that targeted the signaling pathway for eliminating the 
cancer itself [10, 48].

5  Frizzled Receptor

There are ten frizzled receptor (FZD) receptors, FZD1-10, which are encoded by 
the FZD genes [49]. The common feature of these receptors is that they all carry an 
N-terminal signal sequence, a highly conserved cysteine-rich domain (CRD) in 
extracellular region, a seven-pass transmembrane domain, and an intracellular 
C-terminal domain [11]. Frizzled receptors are linked to the Wnt signaling path-
ways to transmit signals to cells. Wnt (wingless type) proteins are cysteine-rich, 
secreted glycoproteins, which contain about 350 amino acid residues and are 
involved in Wnt signaling pathways. There are 19 different types of Wnt proteins 
that can bind to the cell surface complex containing the FZD receptors. Activated 
Wnt pathways activate several downstream transcription factors that are crucial for 
stem cell regulation, cell polarity, embryonic development, cell proliferation, dif-
ferentiation, and tumorigenesis [11].
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5.1  Recognition Domain of the Frizzled Receptors

All the FZD receptors have an amino terminal cysteine rich domain(CRD) that 
allows the binding of FZD receptors to Wnt proteins [50]. Signaling is initiated at 
the cell surface in all.

FZD receptors, wherein the CRD of the FZD receptors interacts with the secreted, 
lipid-modified Wnt glycoproteins. This association of the Wnt ligands with the FZD 
receptors takes place via two different interactions; one is a protein-fatty acyl inter-
action, while the other is a protein-protein interaction. In Wnt-FZD receptor interac-
tions, the cis-unsaturated fatty acyl groups of the Wnt ligand protein is recognized 
by the CRD of the FZD receptors. X- ray crystallography studies by Nile et  al. 
revealed common mechanism for fatty acyl recognition by multiple FZD receptors 
and suggested that binding of Wnt to the FZD receptors mediates its dimerization. 
The fatty acid of Wnt binds with two CRD molecules in the FZD receptors. This 
forms the lipid-binding groove of the FZD receptor, which adopts flexible U-shaped 
geometry, and accommodates the fatty acid of Wnt [51].

5.2  Mechanism of Binding of the Ligands to the FZD 
Receptors and Pathways Related to the FZD Receptors

The FZD receptors participate in three different Wnt signaling pathways: the planar 
cell polarity (PCP) pathway, the canonical Wnt β-catenin pathway, and the Wnt/
calcium pathway. Among these, the PCP pathway deals with the polarity of the cells 
during cell development and also plays a role in cell metastasis. The canonical Wnt/
β-catenin pathway is involved in the stabilization of β-catenin, after binding of the 
ligand to the receptor, while the noncanonical, Wnt/calcium pathway has the ability 
to control calcium levels in the intracellular region of the cell [52]. Among all the 
FZD receptors, FZD7 has been the most extensively studied in cancer research [11]. 
Breuhahn et al. reported the involvement of FZD7 in the Wnt/β-catenin signaling 
pathway that is responsible for the progression of human hepatocellular carcinogen-
esis. When FZD7, along withLRp5/6, were phosphorylated in the dishevelled 
(DSH; a family of proteins involved in Wnt signaling), it resulted in the inhibition 
of amino phosphorylation of serine/threonine of the cytoplasmic β-catenin, by 
casein kinase-1α and glycogen synthase kinase-3b (GSK-3b). Further, axin-1/
axin-2 (tumor suppressor proteins) and adenomatous polyposis coli (APC) inter-
acted with these kinases and led to the phosphorylation of β-catenin, recognition of 
the E3-ubiquitin ligase receptor b-TrCP, and polyubiquitination and subsequent 
proteasomal degradation of β-catenin. In case of tumor growth and progression, 
aberrant nuclear accumulation of β-catenin occurs. When β-catenin forms com-
plexes with the LEF/TCF transcription factors and recruits chromatin-remodeling 
proteins, such as CBP/p300, it leads to the expression of numerous transcriptional 
targets (e.g., MYC), antiapoptotic proteins (e.g., survivin), invasion proteins (e.g., 
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matrix metalloproteinases; MMPs), and angiogenesis factors (e.g., VEGF). Thus, 
activation of Wnt via the FZD receptor not only regulated tissue development and 
regeneration but was also observed to influence tumor growth and progression [53].

5.3  Structure-Activity Relationship of the Ligand for Selective 
Binding to the FZD Receptor

Wnt signaling through FZD receptors requires low-density lipoprotein receptor- 
related proteins 5 and 6 (Lrp5/6), as co-receptors, and receptors Ryk and Ror2. The 
CRD at the N-terminal region of the FZD receptor acts as the Wnt-binding domain. 
According to Janda et al., the crystal structure of xenopus (XWnt) protein, as a com-
plex with FZD8 cysteine-rich domain, is a two-domain Wnt structure, which looks 
like a structure extended to grasp the FZD8-CRD at two different binding sites. At 
one binding site, the lipid group of palmitoleic acid of XWnt projects from serine187 
into a deep groove in the FZD8-CRD binding domain. At the second binding site, 
conserved residues present on the tip of Wnt connect with the hydrophobic amino 
acids of XWnt, forming a depression on the opposite side of the FZD8-CRD domain. 
The ligand-receptor cross-reactivity of Wnt-FZD is accelerated by the preservation 
of amino acids at both the interfaces of Wnt. Understanding the interaction of Wnt 
with the FZD receptor is important for understanding the functional pleiotropy of the 
former and for the development of anticancer new molecules. The conserved amino 
acid sequence of Wnt, present at the opposite end of the FZD-CRD binding region, 
is a site where low-density lipoprotein receptor 5/6 (LRP5/6) binds with Wnt. This 
interaction enables bridging of Wnt with the FZD to form a ternary complex [54].

5.4  Antagonists for the FZD Receptors

FZD is an important target for regulating upstream Wnt signaling. Wnt signaling is 
initiated when the Wnt glycoproteins interact with the CRD domain of the FZD recep-
tor, as well as with the extracellular domains of the LPR5/6, to form Wnt/FZD/LRP 
complex. Based on the structural information about FZD-Wnt binding, different com-
pounds have been selected as antagonists for their ability to inhibit Wnt signaling. 
Table 6.7 lists the antagonists which are linked to the FZD receptors [55]. Monoclonal 
antibody OMP-18R5 was developed by Gurney et al. This antibody could bind to the 
conserved epitope of the extracellular domains of FZDs 1, 2, 5, 7, and 8 and thereby 
prevented binding of the Wnt ligands to the FZD receptors. This consequently inacti-
vated the canonical Wnt pathway. It was observed that treatment with OMP-18R5 
resulted in reduced growth of human tumor xenograft in mice and in several types of 
human cancers. Soluble (sFZD7) antagonist was developed by Wei et al. using extra-
cellular peptide of FZD7. sFZD7 acted as a decoy receptor, which was assumed to 
bind to the Wnt ligands, hindering the binding of Wnt ligands to FZD7 and thereby 
inhibiting Wnt/β-catenin signaling in hepatocellular carcinoma.
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5.5  Ligand Explored with the FZD Receptors

5.5.1  Natural Ligands for the FZD Receptor

Besides Wnts, norrin, a cysteine-knot protein, encoded by the NDP gene, also acts 
as ligand for the FZD receptors. Mutations in the NDP gene cause Norrie disease, 
which is characterized by hypovascularization of the retina and a severe loss of 
visual function. The FZD receptors can also bind to Clostridium difficile toxin B 
(TcdB). This toxin is a critical virulence factor in causing diseases after infection by 
Clostridium difficile. TcdB can bind to the CRD of several FZD family members 
with varying affinities. The TcdB can compete with Wnt for binding to the FZD 
receptors and thus block the Wnt signaling [56]. The natural ligands for FZD recep-
tors have been listed in Table 6.8 [57–60].

Table 6.7 Antagonists for 
binding of Wnt to the FZD 
receptors

Sr. No. Receptor Antagonists

1. FZD1 OMP-18R5
2. FZD2 OMP-18R5
3. FZD5 OMP-18R5
4. FZD7 OMP-18R5
5. FZD8 OMP-18R5
6. FZD10 OMP-18R5
7. FZD7 sFZD7

Table 6.8 Ligands for the frizzled receptors

Sr. No. Chemical name Structure

Natural ligands

1. Norrin (protein ligand)

2. Palmetoleic acid (PAM)
CH3(CH2)5CH═CH(CH 2)7COOH

O

HO

3. Nervonic acid
C24H46O2

H H
H

O

O

4. Toxin B (protein ligand)
Synthetic ligands

5. B12-DKK1 Peptide ligand
6. FZD-Lrp5/6 Peptide ligand
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5.5.2  Synthetic Ligands for the FZD Receptor

Janda et  al. developed a surrogate Wnt agonist, which is a water-soluble FZD- 
Lrp5/6 heterodimerizer. B12-DKK1 is another protein ligands screened by yeast. It 
binds to CRD of FZD receptors via electrostatic interaction. The synthetic ligands 
are enlisted in Table 6.8 [58, 61].

5.6  Strategies to Target the FZD Receptors

It was discovered in 1991 that mutations in the tumor suppressor adenomatous pol-
yposis coli (APC) were related to majority of sporadic colorectal cancers, as these 
mutations caused uncontrolled activation of Wnt signaling. Thus, Wnt signaling was 
targeted to treat various types of cancers. Loss of function in both the alleles of APC 
is the main cause of tumorigenesis [62]. Cysteine palmitoylation of Wnt glycoprotein 
by porcupine (PORC) is required in Wnt ligand secretion and pathway activation in 
Wnt/β catenin pathway. In the absence of Wnt ligands, β-catenin levels are controlled 
by the destruction complexes containing APC and axis inhibition protein (XIN). This 
situation is called “off state,” where β-catenin is maintained at low levels in the cyto-
plasm and in the nucleus. In the “on” state, the Wnt ligand binds to the extracellular 
CRD of the FZD receptor and the LRP5/6. The destruction complex, along with the 
activated dishevelled (DSH), is transferred to the plasma membrane. Phosphorylation 
of LRP5/6 by GSK-3 and CK1 causes binding and degradation of AXIN, at the cyto-
plasmic tail of LRP5/6. Due to degradation of AXIN, GSK-3 is unable to phosphory-
late β-catenin. These events cause accumulation of β-catenin in the nucleus and 
activation of the downstream targets [63]. Therefore, the method of blocking the 
upstream Wnt signals, by preventing the binding of ligands to the receptors or targeting 
the FZDs receptors, is a promising strategy for the treatment of cancers [11]. It was 
found that Wnt signaling can be inhibited when secreted frizzled-related protein 
(SFRP) binds to the Wnt ligands, due to their sequence homology to the CRD domain 
of the FZD receptors [63]. Tumor suppression in melanoma, sarcoma, colorectal can-
cers, nonsmall-cell lung carcinoma, and mesothelioma was observed, when monoclo-
nal antibodies developed against Wnt-1 and Wnt-2 were employed to inhibit Wnt 
signaling. OMP-18R5 (Vantictumab), a monoclonal antibody has been reported to tar-
get 5 of the 10 FZD receptors. A novel recombinant fusion protein, OMP-54F28, binds 
to the Wnt ligands and blocks the Wnt signaling through its domain on the extracellular 
part of the human FZD receptor 8 [64].

5.7  Nanocarrier-Mediated Receptor Targeting

Antibody-based therapies are invaluable tools to study as well as to treat malignan-
cies, but their application is limited by their high production costs and high dosages. 
These factors render these treatment modalities expensive and risky. Conjugation 
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can make antibodies multivalent. Many researchers have demonstrated that these 
multivalent antibodies have increased affinity for their targets, as compared to the 
native antibodies. Riley et al. have shown that FZD7 antibody-nanoshell conjugates 
(FZD7-NS) are significantly more effective in inhibiting the Wnt signaling in triple- 
negative breast cancer cells, as compared to the FZD7 antibodies. Additionally, 
researchers found that the cells treated with FZD7-NS exhibited decreased viability, 
as compared to the cells treated with the native antibodies. These results indicated 
that antibody-functionalized nanoparticles allowed lower doses of antibodies, for 
research as well as for the treatment of malignancies [65].

6  Clinical Developments in GPCR Targeting

GPCRs are the most intensively studied drug targets, particularly due to their sub-
stantial involvement in human pathophysiology. There are currently 475 drugs 
(~34% of all drugs approved by the FDA) that act on 108 unique GPCR targets. 
Approximately, 321 agents are currently in clinical trials, of which about 20% target 
the 66 potentially novel GPCR targets that are not currently approved. The 224 
(56%) non-olfactory GPCRs that are yet to be explored in clinical trials have a 
broad therapeutic potential, specifically in genetic and immune system disorders. 
Drugs that target the GPCRs account for approximately 27% of the global market 
share of therapeutic drugs. They constitute the largest human membrane protein 
family comprising about 800 members. Modulation of GPCRs via allosteric sites, 
distinct from the binding sites for endogenous ligands, can alter their structure, 
dynamics, and function of the receptor, to achieve a potential therapeutic advantage, 
such as increased spatial and temporal selectivity.

The U.S. National Library of Medicine enlists a few clinical studies which involve 
targeting of GPCRs. The first study involves investigation of the expression of can-
nabinoid receptors in mucosal biopsies of the colon cancer, by comparing with 
healthy individuals using polymerase chain reaction, western blot, and flow cytom-
etry. The purpose of this study was to investigate the phospholipid ligands and their 
receptors involved in colon cancer. Colonic endoscopic biopsies and blood samples 
were collected from colon cancer patients and healthy individuals. Blood samples 
were immediately processed for flow cytometric measurement. Mass spectrometry 
was used to measure the phospholipid content in the serum and colonic mucosa 
biopsy samples. The lipids and their responsive receptors were used to build a path-
way, which was potentially involved in the development of inflammation and cancer. 
The study type was observational, based on a cohort-based model. The outcome of 
this study provided information of the cannabinoid receptors and the assessment of 
malignancy in colon cancer [66].

Another study involved small molecule, ONC201, targeting the GPCR dopamine 
receptor 2 (DRD2). Integrated stress response was activated by ONC201, down-
stream of the target engagement in tumor cells, leading to the inactivation of Akt 
and the extracellular signal regulated kinase (ERK) signaling and induction of the 
TRAIL pathway. It also activated the DRD2 involved in antitumor responses. 
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Treatment with ONC201 was well tolerated in Phase I studies involving patients 
with advanced malignancies, due to its differential antiproliferative and proapop-
totic response in tumor cells. Thus, the recommended dose of ONC201 in Phase II 
trials was set at 625 mg, every 3 weeks. Additional dose escalation study in Phase II 
is being evaluated for weekly dosage, instead of the 3 weekly regimen in patients 
with advanced tumors and multiple myeloma. However, the Phase I data suggests a 
possible clinical benefit in patients with advanced chemorefractory endometrial 
cancers. The study is now in Phase II trial [66].

7  Conclusion

GPCRs play a very significant role in a myriad of pathophysiological functions, 
including various cellular and physiological processes and diseased conditions, 
such as cancer, as discussed in this chapter. Despite the clinical significance, very 
few anticancer compounds directed toward GPCRs are currently in market. The 
evidences of aberrant GPCR activity have been demonstrated in various diseased 
conditions. The ligand-GPCR interaction, which results in the desired effect, is 
complex and indubitably links ligand molecules to the development and progression 
of cancer. This evidently makes GPCRs and their downstream effectors as a 
 promising target for the development of innovative strategies to tackle cancer and 
tumor development. The research in the area of GPCR targeting is gaining impetus, 
where investigators have deciphered the activity of various ligands and GPCRs in 
different types of cancers. This chapter focuses on a few representative GPCRs with 
respect to their structure-activity relationship, ligand interaction and pathway, drug 
development, delivery strategies, and clinical trials. The current developments and 
clinical trials show enormous promise and unprecedented opportunities for modula-
tors of GPCRs in cancer therapy. Constant efforts in the area of understanding 
GPCR driven cancer progression would highlight their potential as oncology drug 
targets and place them at the forefront of cancer drug development.
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Abstract Growth factor receptors (GFR) are expressed on cell membranes or in the 
cytoplasm and play a major role in cell growth, survival, angiogenesis, and metas-
tasis. Tumor growth and cell survival are composed of dodging apoptotic signals in 
cancer cells. The growth of cells is further supported by angiogenesis and metastasis 
to distant organs. Elevated expression of growth factor receptors contributes to the 
development of drug resistance. Therefore, therapeutics to target GFRs is a poten-
tially attractive molecular approach to treat cancer more effectively. In this review, 
we have discussed the contribution of growth factor receptors to cancer develop-
ment and thereby their subsequent molecular targets for novel drugs developed 
leading to inhibition of growth factor receptor-mediated pathways.
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1  Introduction

The dynamics of cell growth and commitment to a specific lineage is generally 
governed by the growth factors [1]. As the name suggests, these factors are 
responsible for determining the fate of the cells, with regard to their division and 
differentiation. Apart from differentiation, these proteins also have a crucial 
impact on normal cellular processes, their transformation, regulation, as well as 
the programmed cell death (apoptosis). Imbalance and overexpression of growth 
factors can thus modulate a normally dividing cell into an unconditionally divid-
ing cancerous cell, causing further dysfunction in the human body. Such cellular 
transformations occur due to transcriptional upregulation or via ligand overpro-
duction and signaling through autocrine or paracrine model. These changes 
impact morphological and mechanical attributes, such as the membrane strength 
of the cells to form junctions and altered cytoskeletal arrangements, thereby 
affecting their motility [2]. The transformation of a healthy cell into a highly 
malignant cell occurs due to the genetic changes caused by the intracellular and 
extracellular factors, which further leads to invasion and metastasis. The root 
cause of such transformations can be traced back to the loss of tumor suppressor 
genes and the gain of oncogenic genes that synthesize oncogenic proteins, in an 
un-regulated manner [3]. Eradication of cancer cells has been conducted using 
chemotherapy and radiation therapy, both of which are associated with numerous 
side effects, especially due to their nonspecificity. The targeted therapy focuses 
on directing the therapeutics to specific sites or molecules on the cell membrane, 
thereby inhibiting cellular proliferation. While the traditional therapies generally 
exert cytotoxic effects, the targeted therapies are predominantly cytostatic 
(inhibiting the cell proliferation), which provides them with greater specificity, 
by overcoming resistance toward cytokines and growth factors, and safety [4]. 
These specific therapies halt cellular proliferation by affecting particular signal-
ing cascades involved in this process and targeting drugs toward receptors to 
block the downstream signaling pathways and leading to collapse in the growth 
cone [5].

In this chapter, we have described various cancers that arise due to alteration in 
normal cell signaling pathways. Further, the downstream signaling molecular tar-
gets that are hampered due to this mutational change have also been elaborately 
discussed. Further, this manuscript also focuses on the predominant targets of spe-
cific growth factor receptors that exhibit the potential to form transformed cells 
that exhibit uncontrolled proliferation, invasion, and metastasis. Finally, the dis-
cussion also emphasizes on the structure and mediation of the signaling pathways 
and their interaction with various natural and synthetic ligand molecules that may 
present a significant therapeutic role. The structure and downstream signaling 
pathways of receptors have been depicted in Figs. 7.1 and 7.2. The list of endoge-
nous ligands and malignancies associated with misfunction of these receptors are 
stated in Table 7.1.

7 Receptors for Targeting Growth Factors for Treatment of Cancers
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2  Hepatocyte Growth Factor Receptor (HGF)

Hepatocyte growth factor, also known as scatter factor (SF), by is released the mesen-
chymal cells, like fibroblasts and some smooth muscle cells. HGF secretion activates 
Met protein signaling in a paracrine fashion. The receptor responsible for triggering 
the response mediated by HGF is the c-Met tyrosine kinase receptor, a single-pass 
heterodimer transmembrane receptor. Overexpression of HGF and its binding to the 
receptor has been reported to lead to oncogenesis and tumor propagation, thereby 
causing liver cancer, colorectal cancer, gastric cancers, and various other solid 
tumor malignancies. The receptor also accounts for cellular processes like mitogene-
sis, morphogenesis, survival, and motility in various cell types like the endothelial 
cells, neurons, epithelial cells, hematopoietic cells, and the hepatocytes [16, 17].

Fig. 7.1 Pictorial depiction of the receptor structure of fibroblast growth factor (FGF), vascular 
endothelial growth factor (VEGF), and insulin-like growth factor (IGF). Ligand-binding domains 
and phosphorylation sites have been shown encompassing the downstream activation signal for 
various cellular processes. Constitutively, active pathways can lead to malignancies and various 
deleterious effects

D. Jahagirdar et al.
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2.1  Recognition Domain of HGFR

Ligand delivery in case of the receptor Met tyrosine kinase (TK) is controlled in a 
paracrine manner, allowing activation of the binding site and leading to receptor 
internalization and degradation. Receptor c-Met is transcribed from chromosome 7 
into a fully functional 120 kb in length with molecular weight of 190 kDa (50 kDa 
α chain and a 140 kDa β chain connected together by a disulfide bond). The extra-
cellular region of c-Met contains SEMA domain (structural domain of semapho-
rins) that directly binds to the ligand, a PSI domain (plexin- semaphorin-integrin) 
and four immunoglobulin-like plexin-transcription (IPT) domains [18].

Fig. 7.2 Depiction of the receptor structure of transforming growth factor-B (TGFβ), hepatocyte 
growth factor (HGF), and platelet-derived growth factor (PDFR). Ligand-binding domains and 
phosphorylation sites have been shown encompassing the downstream activation signal for various 
cellular processes. Constitutively, active pathways can lead to malignancies and various deleteri-
ous effects

7 Receptors for Targeting Growth Factors for Treatment of Cancers
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2.2  Binding of Ligand with HGFR

The receptor binding primarily includes the N-terminal domain of a 69-kDa HGF 
ligand comprising of α chain. The N-terminal of the ligand contains a hairpin loop, 
comprising α and β sheets, and has two disulfide linkages that are responsible for 
proper conformation of the protein. The innermost residues of the ligand, Cys74–
Cys84, constitute the disulfide linkage, connecting the C-terminal of the α helix and 
the N-terminal of the β sheet. On the other hand, the outermost disulfide linkage 
includes Cys70–Cys96 and joins the middle regions of the α helices and β strands 
[7]. The binding of the ligand to the receptor is not directly dependent on the 
N-terminal α sheet (amino acids 25–307) and β sheet (amino acids 308–519). The 
cysteine-rich domain, comprising amino acids 520–561 along with the C-terminal 
residues 562–932 (containing four Ig domains), participates in the proper binding of 
the ligand. The ligand-binding domain of c-Met consists of β-propeller fold. The 
amino terminal in the juxtamembrane (JM) region encompasses two protein phos-
phorylation sites, viz., S985 and Y1003. Phosphorylation of S985 negatively regu-
lates the kinase activity [19, 20], while phosphorylation of Y1003 recruits c-Cbl, a 
ubiquitin protein ligase, which ubiquinates Met, thereby resulting in its internaliza-
tion and degradation [20, 21].

2.3  Structure-Activity Relationship of Selective Binding 
of HGF with HGFR

The HGF contains mainly immunoglobulin-like domains. Here, two c-Met 
 heterodimers dimerize, leading to the consecutive autophosphorylation of two tyro-
sine residues, one within the catalytic loop (Tyr1234–Tyr1235) and in the C-terminal 
domain (Tyr1349–Tyr1356), thereby providing a docking site for the recruitment of 
other downstream molecular interactions. A sequence consisting of 13 amino acids, 
in the binding region, mediates the interaction between Gab1 and c-Met, thus creat-
ing a docking platform [22]. This induces morphological changes in the receptor’s 
intracellular protein tyrosine kinase (PTK) domain and thereby activating the recep-
tor. The Grb2-associated binding protein 1 (Gab1) triggers autophosphorylation and 
provides binding platform for Src-homology-2 domain (SH2)-containing effectors, 
like the SH2-transforming protein (SHC), the phosphoinositide 3 kinase (PI3K), the 
SH2-domain-containing protein tyrosine phosphatase (SHP2), the phospholipase 
Cγ1 (PLCγ1), the signal transducer and activator of transcription 3 (STAT3), and the 
Ras GTPase p120 [23, 24]. Ras thereby activates Raf, MEK, MAPKs, ERK, JNK 
(Jun N-terminal kinase), and p38 (HOG). Thereafter, the activated MAPKs enter 
the nuclei to activate transcription factors Elk1, Etsl, and c-Myc, through further 
phosphorylation. Abnormal signal transduction, in turn, interferes with the cell 
cycle and induces cell transformation, consequently promoting carcinogenesis. 
MAPKs are known to induce degradation of proteins and matrix, thereby promoting 
cell migration and proliferation of solid tumors.
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2.4  Strategies to Target HGFR

The current therapies directed against Met involve the use of kinase inhibitors, 
ligand- or dimerization-blocking antibodies that inhibit the tumor growth and 
eliminate the tumor. Thus, in order to improve anti-Met therapy, cross-linked 
albumin nanoparticles have been linked with anti-HGFR or Met nanobodies 
(anti-Met- NANAPs). In vitro studies indicated that these lysosome-targeted 
nanoparticles were designed to bind the cells expressing Met and were further 
internalized, resulting in lysosomal degradation and hence downregulation of the 
Met protein [25, 26]. Superparamagnetic iron oxide (SPIO) nanoparticles were 
combined with polyethylenimine (PEI) to form cationic complexes and bind with 
c-Met siRNA, forming nanoparticles. Galactose (Gal)-modified magnetic 
nanoparticles were used to target the asialoglycoprotein receptors. SPIOs modi-
fied with PEI and Gal were found to protect c-Met siRNA and mediate its cellular 
uptake and thus can be effectively targeted via Gal-modified PEI-SPIO to inhibit 
the tumor growth [27].

Human embryonic kidney 293T (HEK293T) cells-derived exosomes were used 
as delivery vehicles for anti-HGF siRNA. Human umbilical vein endothelial cells 
(HUVEC), co-cultured with SGC-7901 cells treated with exosomes, loaded with 
anti-HGF siRNA indicated effectively the delivery of anti-HGF siRNA, suppressing 
the cellular proliferation and vascular ring formation in HUVEC. The inhibitory 
effect of siRNA on tumor growth and angiogenesis in gastric cancer resulted in a 
marked downregulation of HGF expression [28].

3  Insulin-Like Growth Factor Receptor

The insulin-like growth factor (ILGF) receptor is a transmembrane protein tyrosine 
kinase receptor that transduces the signal through the MAPK and PI3K signaling 
pathway. The receptor-ligand interactions govern the cell growth and survival. In 
addition to regulating the normal cellular processes, the binding is also responsible 
for tumor formation and development and survival of malignant cells [29, 30]. The 
insulin receptor (IR) and insulin-like growth factor-1 receptor (IGF1R) are mem-
bers of the RTK family of cell surface receptors [31].

3.1  Recognition Domain of IGFR

ILGF binds to two receptor types, with different affinities. The first type of receptor 
is the IGF-R1, which plays a crucial role in regulating the growth of normal and 
malignant cells. The second receptor, namely, the insulin receptor (IR), regulates 
the cellular differentiation and metabolism [32]. Both the receptors share sequences 

D. Jahagirdar et al.



205

and exhibit a high morphological similarity (about 70%). The receptors belong to 
the glycoprotein category, which comprise 2α- and 2β-subunits. These subunits are 
evenly spanned into the membrane. The α-subunits are exposed toward the extracel-
lular region to enable binding to the ligand, while the β-subunits are distributed in 
the transmembrane and intracellular domains. Being protein tyrosine kinase recep-
tors, binding of ligands like IGF-I or IGF-II induces a conformational change in the 
receptor, due to the autophosphorylation of the three tyrosine residues in the cata-
lytic domain of the C-terminal in the β-subunit, thereby leading to the downstream 
signaling. The structure of receptor and pathway has been depicted in Fig. 7.2. The 
insulin receptor is flexible in structure, encoded by various exons, wherein alterna-
tive splicing of exon 11 results in two isoforms (A and B) of the insulin receptor that 
differ in the presence or absence of a 12-residue sequence (717–729). The two iso-
forms have slightly different affinity for insulin, but the A isoform has significantly 
higher affinity for IGF-I (40 nM vs. 350 nM) and IGF-II (close to that of insulin). 
The IGF-I receptor binds to IGF-II with a lower affinity than for IGF-I and to insulin 
with a 500-fold lower affinity [33].

3.2  Binding of Ligand with IGF Receptor

The C-terminal half of the receptors consists of three fibronectin type III (FnIII) 
domains, each comprising a seven-stranded β-sandwich structure. The second FnIII 
domain comprises the C-terminal part of the α-subunit and the N-terminal part of the 
β-subunit and contains a large insert domain of ~120–130 residues. The structure of 
this insert domain is largely unknown, but includes a site of cleavage between the 
α- and β-subunits. The intracellular portion of the β-subunit contains the kinase cata-
lytic domain (980–1255), flanked by two regulatory regions. These comprise a jux-
tamembrane region involved in docking insulin receptor substrates (IRS), IRS 1–4, 
and Shc, as well as in receptor internalization. The regulatory regions also contain a 
C-terminal tail comprising two phosphotyrosine-binding sites. The detailed organi-
zation of the modular domains of the insulin receptor has been depicted in Fig. 7.2. 
The IGF-I receptor has a very similar organization, with the sequence homology 
varying between 41% and 84%, depending on the domain. Maximum sequence 
homology has been observed in the kinase domain [33].

3.3  Structure-Activity Relationship of Selective Binding 
of Ligand with IGFR

The QSAR analysis of the ILGF receptor depicts several carbon atoms being con-
nected to one hydrogen atom and the presence of two aromatic bonds (SaaCHcount) 
that are detrimental to the receptor activity. The harmful heteroaromatic rings, con-
taining multiple nitrogens, like triazine, were anticipated to result in better 
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inhibition, as compared to the aromatic rings, like benzene, pyridine, and pyrimidine. 
Further, the electrotopological state indices of NH2, connected to one single bond, 
were conducive for bioactivity, leading to the speculation that primary amines 
resulted in effective inhibition. This was most likely due to the hydrogen bonding, 
either by donating or accepting hydrogen atoms, provided that the nitrogen atom 
was connected to the electropositive groups. The docking poses of the IGF molecule 
at e MET 1112 at the receptor active site (IGF-1R) exhibited interaction of the frag-
ment R1 with MET 1126 and ARG 1128, and of the fragment R3 with MET 1052 
and GLU 1050. The amide group of the fragment R1 donates hydrogen to Met 1126 
and Arg 1128. No hydrophobic interactions were observed between R1 and the 
active site of IGF-1R. Nonhydrophobic substituents, having branching and low NH 
count, at the fragment R1, were found to be essential for enhanced activity. Scaffolds 
of the molecules that formed the fragment R2 could be modified by decreasing the 
number of oxygen atoms and increasing the number of hydrogen bond donors. 
GQSAR studies suggested that substituents at R3 that contained lower number of 
aromatic carbons and higher content of NH2 groups were responsible for majority 
of the activity [34].

3.4  Strategies to Target the IGFR

Targeted co-delivery of IGF-1R-specific siRNA and docetaxel (DTX) to SKBR3 
cells was performed using anti-mucin 1 aptamer (Apt)-conjugated chitosan nanopar-
ticles. Augmentation pathways involved in tumorigenesis and metastasis of breast 
cancer were studied. The nanoparticles with size of 110–118 nm and zeta potential 
of 14 mV loaded siRNA and DTX. The Apt-conjugated nanoparticles enhanced the 
cellular uptake of siRNA into the SKBR3 cells and reduced the genetic expression 
of IGF-1R, activators of transcription 3 (STAT3), and matrix metalloproteinases 
[35]. Co-delivery of IGF-1R-specific siRNA and doxorubicin (DOX) using chitosan 
nanoparticles resulted in a synergistic effect on the DOX-induced cytotoxicity and 
apoptosis of the tumor cells, when compared with only DOX.  This resulted in 
decreased migration and expression of MMP9, VEGF, and STAT3, in A549 lung 
cancer cell lines. The loaded chitosan nanoparticles exhibited a size of about 176 nm 
size, zeta potential of 11 mV, and polydispersity index of 0.3 and possessed the 
capacity to simultaneously deliver several therapeutic agents. It also favored a con-
trolled release of drugs or siRNA at the acidic pH of the tumor microenvironment 
[36]. Magnetic resonance imaging (MRI)-guided and IGF-1R-targeted theranostic 
iron oxide nanoparticles (IONPs) were found to be effective as they overcame the 
stromal barriers in tumor microenvironment. Pancreatic cancer, featuring enriched 
tumor stroma intravenously administered IGF1-IONPs resulted in excellent tumor 
penetration with better inhibition of the growth of pancreatic tumors. The intratu-
moral nanoparticle delivery was detected by MRI [37]. In female A/J mice, picro-
podophyllin was administered via nasal inhalation, demonstrating a good 
bioavailability in lungs and plasma. In human lung cancer cell lines, it inhibited cell 
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proliferation and phosphorylation of IGF-1R downstream targets, resulting in 
increased apoptosis and reduced cellular invasion. It is suggested that picropodo-
phyllin can be potential chemopreventive agent [38].

4  Platelet-Derived Growth Factor Receptor

The platelet-derived growth factor (PDGF) isoforms bind to two distinct class III 
receptor tyrosine kinases, PDGFRα and PDGFRβ. The binding of the ligand leads 
to autophosphorylation of the receptors on tyrosine residues and this event induces 
activation of several signaling molecules [39]. Individual PDGF chains have differ-
ent affinities for the two receptors. PDGFRα has high affinity for PDGF-A, PDGF-B, 
and PDGF-C, whereas PDGFRβ has high affinity for PDGF-B and PDGF-D. These 
interactions can be demonstrated in vitro, but it is not known if all are effective 
in vivo [40]. Ligand binding to receptors induces receptor dimerization, which leads 
to activation of the intrinsic tyrosine kinase domain and subsequent recruitment of 
SH-2-domain-containing signaling proteins [41]. Finally, activation of these path-
ways leads to cellular responses like proliferation and migration. Expression of acti-
vated p21Ras in cells influences PDGFRβ signaling at multiple levels. Two separate 
mechanisms occur for defective PDGFRβ signaling, namely, the transcriptional 
downregulation of PDGFRβ expression and inhibition of ligand-induced PDGFRβ 
by a factor of the cell membrane, in p21Ras-expressing fibroblasts [42]. Reversion 
of the cell phenotype results in the recovery of the PDGFRβ kinase activity. 
Disruption of the fibroblast cytoskeleton leads to a loss of PDGFRβ function.

4.1  Recognition Domain of the PDGFR

The ligand dimer has a flat shape with β-strands forming a super sheet, leaving the 
inter-strand loops at the ends of these strands. These loops are not only used for pro- 
peptide binding but also for receptor binding. There is a significant steric incompat-
ibility between binding of receptor to PDGFs and the binding of pro-peptides to 
PDGFs. When the PDGF-A/pro-peptide complex and the PDGF-B/PDGFRβ com-
plex are superimposed, with the backbones of the growth factor domains overlaid, 
it is apparent that these two binding events are mutually exclusive. The same hydro-
phobic residues important for pro-peptide association are also used for receptor 
binding. Consequently, receptor binding can displace the pro-peptide that is bound 
at the same site [43]. The two arms of the ligand clamp the PDGFR perpendicularly 
near the receptor’s D2–D3 boundary. For PDGFRβ, the D2–D3 linker uses an 
extended conformation to open a large cleft for contacting PDGF-B. The overall 
shape of the PDGF-B:PDGFRβ recognition complex resembles other class III 
RTKs, such as Kit and FMS [44–46]. The positions of the D3 domains are similar 
in the SCF/Kit complex, the M-CSF/FMS complex, and the PDGF-B/PDGFRβ 
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complex, despite the positions of the D1 and D2 domains being dramatically different 
[47]. The PDGF family consists of five members, viz., the disulfide-bonded dimers 
of homologous A-, B-, C-, and D-polypeptide chains, and the AB heterodimer [48]. 
The PDGF-α receptor binds to all the PDGF chains, except the D chain, whereas the 
β receptor binds to PDGF-B and PDGF-D; thus, the different PDGF isoforms can 
induce αα-, αβ-, or ββ-receptor dimers. The ligand-binding sites are located in 
Ig-like domains 2 and 3 [43, 49]; however, the ligand-induced receptor dimerization 
is stabilized by direct receptor-receptor interactions in Ig-like domains 4 and 5 [50]. 
The latter interactions are important because they orient the receptors so that their 
activation by autophosphorylation in trans is facilitated.

4.2  Binding of the Ligand with PDGFR

PDGF-induced receptor dimerization leads to the autophosphorylation of certain 
tyrosine residues in the intracellular parts of the receptors. Thus, the α and β recep-
tors have 10 and 11 autophosphorylation sites, respectively [51]. The autophos-
phorylation serves two important functions, viz., it leads to changes in the 
conformation of the intracellular parts of the receptors, promoting their activation, 
and it provides docking sites for the SH2-domain-containing signal transduction 
molecules. There are at least three mechanisms involved in the activation of the 
PDGF receptor kinases. Like most tyrosine kinase receptors, the PDGF receptors 
are autophosphorylated in the activation loop of the kinases (residues Tyr849 and 
Tyr857 in the α and β receptors, respectively). Phosphorylation of this residue of the 
β receptor is necessary for the full activation of the receptor kinase [52]. 
Phosphorylation causes a change in conformation of the activation loop, which 
opens the active site of the kinase and allows access of ATP and the protein sub-
strate. Moreover, truncation of the carboxy-terminal tail of the β receptor causes 
receptor activation. The C-terminal is folded over the kinase domain that keeps 
kinase inactive further leading to autophosphorylation. The juxtamembrane domain 
of several tyrosine kinase receptors inhibits the kinase domain, causing a change in 
conformation led by autophosphorylation [53].

4.3  Structure-Activity Relationship of Binding of the Ligand 
with PDGFR

Autophosphorylation of the PDGF receptors allows binding of the signaling mole-
cules containing the SH2 domains, which recognize phosphorylated tyrosine resi-
dues. Different SH2 domains have different preferences regarding the three to six 
amino acid residues downstream from the phosphorylated tyrosine, and there is a 
certain specificity in binding. The PDGF receptors are known to bind to about 10 
different families of SH2-domain-containing molecules, which initiate the activation 
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of different signaling pathways. Because the autophosphorylation pattern of the 
PDGF-α and PDGF-β receptors differs, depending on whether the receptors occur in 
homo- or heterodimeric complexes, each of the three dimeric PDGF receptor com-
plexes has distinct signaling properties [48]. Much efforts have been dedicated 
toward elucidating the signaling pathways that mediate the effects of PDGF on cells 
(i.e., cell proliferation, survival, chemotaxis, and actin reorganization). In general, 
the PI3 kinase has been found to be important for the antiapoptotic and motility 
responses of the PDGF, though differences between various cell types have also been 
reported. Src, via activation of the transcription factor Myc and Ras via activation of 
the ERK MAP kinase pathway are important for the growth-stimulating effects. 
However, it should be noted that there is an extensive cross talk between different 
signaling pathways. Thus, each of the many signaling pathways, induced by the acti-
vated receptor, can contribute to most of the cellular effects of the PDGF to different 
extents and in a cell type-specific manner.

4.4  Strategies to Target PDGFR

The PDGF receptors expressed in cervical cancer cells have been targeted using 
mesoporous silica nanoparticles (MSN), loaded with the anticancer prodrug cispla-
tin (cis-DDP) with an affinity probe of poly-acrylic acid (PAA). These PAA-MSNs 
are specifically taken up by the endothelial cells. The mean particle sizes and zeta 
potential ranged between 60 and 100 nm and −26.4 to +20.3 mV, respectively [54]. 
NH3+ groups present on MSNs-cis-DDP complexes interacted with the –OH group 
of the PAA; thus, the unreacted carboxylic groups had affinity to bind with the 
receptor [55].

Insufficient therapeutic agents are available to glioblastoma multiforme (GBM) 
tumor, after crossing the blood-brain barrier. The chemotherapeutic temozolomide 
is converted to 5-(3-methyltriazen-1-yl) imidazole4-carboxamide [56]. pH- 
responsive micelles loaded with TMZ and composed of distearoyl 
phosphoethanolamine- PEG-2000-amine and N-palmitoyl homocysteine and func-
tionalized with PDGF peptide and Dylight 680 fluorophore showed uptake and 
increased cytotoxicity in glial cells. In vivo studies in orthotopic gliomas implanted 
in mice demonstrated selective accumulation of PDGF-micelles containing TMZ, 
with reduced systemic toxicity [57].

Ultrasound-mediated delivery using thermosensitive polymer (TSP)-based lipo-
somes, modified with DNA aptamers, was targeted to PDGFR ligands on cancer cells 
(APT/TSP liposomes). These liposomes were formulated for breast cancer, using 
copolymer of N-isopropylmethacrylamide (NIPMAM) and N-isopropylacrylamide 
(NIPAM) forming TSP liposomes. The APT/TSP liposomes had binding affinity 
toward the MDA-MB-231 human breast cancer cells due to the presence of PDGFR 
aptamers. Cancer cell injury assay showed that using DOX- loaded APT/TSP lipo-
somes and ultrasound irradiation, cell viability was 60%, which was lower than that 
with ultrasound irradiation and DOX-loaded TSP liposomes or with DOX-loaded 
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APT/TSP liposomes alone [58]. In aptamer-assisted targeting, inhibitory PDGF 
aptamers and PDGF β-receptors antagonist enhanced antitumor effect of Taxol on 
subcutaneous KAT-4 tumors in SCID mice and increased the antitumor effects of 
5-fluorouracil on subcutaneous PROb tumors in BDIX rats [59].

5  Transforming Growth Factor Receptor

Transforming growth factor-β (TGF-β) regulates various cellular processes like 
mitotic inhibition or stimulation. The TGFβ pathway, by itself, controls various 
cellular functions that may lead to differing cellular phenotypes. The receptor 
model of TGF-β consists of heteromeric complexes of type I and II receptors. Upon 
ligand binding, the type I receptor is phosphorylated in the GS domain, located 
upstream in serine/threonine kinase domain and acts as an important regulatory 
domain for TGF signal transduction. This phosphorylation activity is assisted by 
the serine/threonine kinase of the type II receptor [60]. Phosphorylation of the GS 
domain is proposed to activate the type I receptor, resulting in signal propagation to 
the downstream effector molecules. In addition, specific residues in the nearby 
regions have also been suggested to have both positive and negative regulatory 
functions [60–63].

5.1  Recognition Domain of the TGF-β Receptor

The TGF-β family members facilitate signal transduction via binding to the dual 
specificity kinase receptors, at the surface of the target cells. The receptor family has 
similar structural characteristics for both serine/threonine and tyrosine kinases. 
Even though literature refers the receptor family as serine/threonine kinase recep-
tors, they carry dual specificity kinases [64]. There are seven type I human receptors 
and five type II receptors; individual members of the TGF-β family bind to charac-
teristic combinations of type I and type II receptors. The receptors have a rather 
small cysteine-rich extracellular domain, a transmembrane domain, a juxtamem-
brane domain, and a kinase domain; however, except for the BMP type II receptor 
and in contrast to tyrosine kinase receptors, parts of the carboxy terminal of the 
kinase domains are very short. Ligand-induced oligomerization of type I and type II 
receptors promotes phosphorylation of the type II receptors with the help of type I 
receptors, in a region of the juxtamembrane domain that is rich in glycine and serine 
residues (GS domain), thus causing activation of its kinase [64, 65]. The three iso-
forms of TGF-β (TGF-β1, TGF-β2, and TGF-β3) bind to a single type II receptor 
(TβRII). Prior to ligand binding, TβRI and TβRII are in form of monomers, homodi-
mers, and heterodimers.
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5.2  Binding of the Ligand with TGF-β Receptor

Binding of ligand to receptor forms heterotetrameric complex of two TβRI and two 
TβRII molecules [63, 66, 67]. Structural studies have reported that the ligand- receptor 
binding occurs in the ratio of 2:2:2, as a complex, wherein a dimeric TGF-β binds to 
two TβRI and two TβRII molecules. The TGF-β molecule resembles a hand-like 
structure, containing a disulfide linkage and the finger-like TβRI and TβRII recep-
tors. The receptor-receptor interaction enhances the stability of the ligand-receptor 
complex [68]. Binding induces phosphorylation in the GS domain. Phosphorylation 
of the GS domain, furthermore, enhances interaction with R-Smads, which promotes 
their phosphorylation [69]. Reports suggest TβRII is tyrosine phosphorylated that 
leads to the possibility of binding to SH2- or the PTB- domain- containing signaling 
molecules. The phosphorylation of Tyr284 has been shown to promote binding of the 
adaptors Shc and Grb2; Grb2 forms a complex with Sos1, a nucleotide exchange factor 
for Ras, which in turn activates the Erk1/2 MAP kinase pathway.

5.3  Structure-Activity Relationship for Selective Binding 
of Ligands with TGF-β Receptor

Activation of receptors TβRI and TβRII are regulated via various phosphorylation 
events. Upon ligand-receptor binding, structural alignment of the complex is 
induced, wherein TβRII phosphorylates TβRI in the GS domain located in the 
upstream region of the kinase domain [70]. The phosphorylation occurs on several 
closely located residues (i.e., Thr186, Ser187, Ser189, and Ser191); wherein no 
single residue is of crucial importance for activation, but phosphorylation needs to 
reach to a certain threshold for activation of the TβRI kinase. This phosphorylation 
leads to a conformational change that causes release of the 12 kDa-immunophilin 
FK506-binding protein (FKBPI2), which binds to the GS domain and inhibits the 
TβRI kinase [71–73]. TβRI can be phosphorylated at the Ser165, in the juxtamem-
brane domain. Interestingly, this phosphorylation modulates TGF-β signaling; 
growth suppression and matrix production are enhanced after mutation of Ser165, 
whereas the pro-apoptotic effect is decreased. Similar to TβRII, the kinase domain 
of TβRI has structural elements similar to both serine/threonine and tyrosine kinases 
[64]. Like TβRII, TβRI undergoes autophosphorylation on the serine/threonine resi-
dues, as well as on the tyrosine residues. The phosphorylated tyrosine residue(s) 
form docking site(s) for the adaptor molecule Shc via its PTB-domain, followed by 
its phosphorylation and the recruitment of the Grb2/Sos1 complex, and activation of 
Ras and the Erk MAP kinase pathways. The phosphorylation of TGF-β receptors is 
counteracted by several phosphatases. Thus, GADD34, a regulatory subunit of the 
protein phosphatase 1 (PP1) was found to bind to Smad7, which in turn binds to 
TβRI; the PP1 catalytic activity is thereby recruited in TβRI and dephosphorylates 
the receptor [63, 74].
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5.4  Strategies to Target the TGF-β Receptor

Administration of TβR-I inhibitor (LY364947) [75] alters the tumor microenviron-
ment along with an enhanced EPR (enhanced permeability and retention) effect. 
Doxil and a polymeric micelle incorporating ADR have demonstrated the effect of 
low-doses of the TβR-I inhibitor in xenografts in nude mice, developed using BxPC3 
human pancreatic adenocarcinoma cell line [76]. This TβR-I inhibitor has exhibited 
success in pancreatic adenocarcinoma and gastric cancer, characterized by hypovas-
cularity and thick fibrosis in the tumor microenvironment. Low dose decreased the 
pericyte coverage of the endothelium and promoted the accumulation of anticancer 
nanocarriers [77]. Heterogeneous drug distribution-induced regional insufficient 
chemotherapy accelerates the process of epithelial-mesenchymal transition (EMT) 
and thus accelerates tumor metastasis. Since TGF-β plays an essential role in EMT 
to eliminate the insufficient chemotherapy promoted metastasis [12], a combination 
of DOX and TGF-β receptor inhibitor LY2157299 was investigated in an in vivo 
study incorporating TGF-β receptor inhibitor along with hydroxyethyl starch-poly-
lactide HES- PLA nanoparticles. The co-delivery of DOX and LY2157299, using 
HES-PLA nanoparticles, was found to be effective [78]. N-terminal of TTB, TGF-β 
receptor blocker, was fused with the RGD (arginine-glycine-asparagine) is a peptide 
of amino acids Arginine-Glycine-Asparagine, to target the tumor. In xenograft mod-
els, TTB resulted in distinct neutralization of TGF-β and inhibited cancer cell migra-
tion. TTB also attenuated the TGF-β1-induced Smad2 phosphorylation and EMT 
and suppressed breast cancer metastasis, indicating blocking of the TGF-β-induced 
pathogenesis [79]. An alternative approach to avert TGF-β signaling was the employ-
ment of recombinant Fc-fusion proteins, containing the soluble ectodomain of either 
TβRII (TβRII-Fc) or the type III receptor, betaglycan [80]. Zebin et al. developed 
recombinant oncolytic adenoviruses as a potential new class of antitumor agents 
[81]. These have been hypothesized to kill the tumor cells and simultaneously target 
the TGF-β pathways, to treat bone metastasis of prostate cancer. Further, Hu et al. 
also evaluated systemic administration of the TβRII-Fc coupled with an oncolytic 
adenovirus (Ad.sTβRII-Fc), in a nude mouse model of breast cancer bone metasta-
ses. Their study demonstrated that intravenous delivery of Ad.sTβRII-Fc resulted in 
viral replication and expression of TβRII-Fc in skeletal tumors, as well as a signifi-
cation reduction of primary tumor growth and osteolytic bone destruction [82].

6  Vascular Endothelial Growth Factor Receptor

The VEGF binds to VEGFR to induce receptor homodimerization or heterodimer-
ization, leading to the activation of tyrosine kinase and autophosphorylation of the 
tyrosine residues in the intracellular domains of the receptor. The phosphor- tyrosines 
and the surrounding amino acid residues constitute the binding sites for the adapter 
molecules, which initiate various intracellular signaling pathways. These pathways 
mediate immediate responses, such as vascular permeability and long-term responses 
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that require gene regulation, such as endothelial cell survival, migration, and prolif-
eration. Noncanonical VEGFR signaling is initiated by non-VEGF- dependent acti-
vation of VEGFRs [83, 84]. The VEGFR signaling is tightly regulated at numerous 
different levels, including at the receptor expression level, with respect to the avail-
ability and affinities of binding to its different ligands, the presence of VEGF-
binding co-receptors, non-VEGF-binding auxiliary proteins and inactivating 
tyrosine phosphatases, the rate of receptor cellular uptake, the extent of degradation, 
and the speed of recycling. VEGFR-mediated endocytosis and trafficking regulate 
the specificity, as well as the duration and amplitude of the signaling output. Once 
they are in the cytoplasm, the VEGFRs are either shuttled to lysosomes for degrada-
tion or recycled back to the membrane, via fast or slow recycling pathways. In case 
of VEGFR2, activation of ERK1/2 signaling, which is essential for the biology of 
VEGFR2, is dependent on the speed of the receptor’s intracellular trafficking.

6.1  Recognition Domain of the VEGFR

The positively charged domain of VEGF, encompassing the Arg82, Lys84, and 
His86 residues and located in a hairpin loop, is responsible for the receptor-ligand 
binding, while the negatively charged residues like Asp63, Glu64, and Glu67 are 
associated with VEGFR-1. The VEGFR-1 binds to VEGF with 50-fold higher 
affinity than VEGFR-2 [85], which governs its angiogenic response [86] and is 
therefore of great therapeutic interest. Only a small number of VEGF residues are 
important for its binding to the VEGF receptors [87, 88]; thus, several molecules 
are able to modulate the biological activities of VEGF [89]. Many VEGF mimetic 
peptides, having antiangiogenic activity, have been described, while only a few of 
these molecules are known to exhibit a pro-angiogenic activity [90]. Copper stimu-
lates VEGF [91, 92] and is required for the activation of the hypoxia-inducible 
factor-1, a major transcription factor regulating the expression of VEGF [93]. The 
activity of copper is VEGF-dependent; the metal ion perturbs the distribution of 
VEGF receptors, switching the signaling pathways from VEGFR-2 to VEGFR-1, 
which is associated with the inhibition of the growth of cardiomyocytes and regres-
sion of hypertrophy [94].

6.2  Binding of the Ligand with VEGFR

The binding of ligands to the VEGFR is thought to induce receptor dimerization. 
However, in vitro studies show pre-formed VEGFR2 dimers, with a certain level of 
kinase activity. The dimer, upon ligand binding, is stabilized by the receptor via 
binding at specific points. Moreover, binding of the ligands induces a slight confor-
mational change in the transmembrane domains, which is accompanied by rotation 
of the dimers that is of critical importance for the full activation of the kinase 
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functions. Different ligands can influence the degree of rotation of the receptor mol-
ecules to different extents, and thereby the extent of receptor activation. For exam-
ple, VEGFβ has been shown to lack the ability to optimally rotate its receptor, 
VEGFR1, as compared to PlGF. Thus, VEGFβ is a weaker activator of VEGFR1 
signaling. In addition to the classical VEGF ligands, the alternatively spliced 
VEGFβ contains a unique exon 8b that confers it with antiangiogenic effect. 
However, the VEGFβ variants are also weak VEGFR2 agonists; thus, the mecha-
nism of their antiangiogenic effect is still unclear.

6.3  Structure-Activity Relationship of Binding of the Ligands 
with VEGFR

The VEGFRs are related to the fibroblast growth factor (FGF) receptors, the colony- 
stimulating factor 1 (CSF-1) receptors, the stem cell factor (SCF) receptor, c-Kit, and 
the platelet-derived growth factor (PDGF) receptors. The extracellular domain 
(ECD) of classes III, IV, and V of the RTKs consists of several Ig-like subdomains 
and the linkers connecting them. The extracellular Ig-like subdomains have been 
attributed with three distinct functions as follows: (i) they form the ligand-binding 
domain, (ii) they participate in receptor dimerization, after or  concomitant with 
ligand binding, and (iii) they maintain receptors in the monomeric state in the absence 
of the ligand. The ligand-binding ability of ECD is documented at the biochemical 
and the structural level. The VEGFR-1 subdomain 2 is sufficient for binding to the 
VEGF, while binding to VEGFR-2 involves subdomains 2 and 3 [95–97]. Subsequent 
to ligand binding, the receptor monomers form dimers that are further stabilized by 
homotypic interactions of the domains that are in proximity of the plasma membrane 
Ig-like domains 4 and/or 5, as surveyed for PDGFR-b and Kit [45, 50]. The domains 
immediately adjacent to the lipophilic membrane, in which the receptors are 
anchored, the so-called juxtamembrane domains (JMDs), have been shown to regu-
late the kinase activity in multiple ways [98, 99]. Evident in both extracellular as well 
as the intracellular JMD [100, 101], which played essential roles in kinase activation, 
either by properly positioning the kinase monomers relative to each other or by direct 
interaction with the activation loop. Phosphorylation of the JMDs at specific tyrosine 
residues disrupts this interaction thereby promoting reorientation of the activation 
loop and inducing an enzymatically active conformation [101, 102]. The RTKs are 
activated upon ligand-mediated dimerization or higher-order multimerization. 
Receptor multimerization is not only mediated via ligand binding but also requires 
additional homotypic interactions in the ECD, the JMD, and the TMD. Dimerization 
results from interaction between specific epitopes in the N- and the C-lobe of kinase 
monomers. RTK activation is suggested to rely on mechanisms as deduced for solu-
ble intracellular kinases, for example, cell cycle-regulated kinases (CDKs). Activation 
of CDKs requires their binding to a regulatory subunit, the cell cycle-regulated 
cyclins. It remains to be shown whether this model also applies to the other RTK 
family members [101].
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6.4  Strategies to Target VEGFR

Antiangiogenic drugs, in particular those focusing on blocking the VEGF pathway, 
are a part of the standard therapy for which various drug delivery strategies are 
applied to target VEGFR. Some of the strategies are discussed in this section.

Liposomal drug delivery systems with the use of highly soluble cisplatin ana-
logue, cis-diammine dinitrato platinum (II), demonstrated a high binding affinity to 
the glioma cells. Pharmacokinetic study on glioma C6-bearing rats revealed pro-
longed blood circulation time of the liposomal formulation, due to reticulo- 
endothelial bypass [103]. VEGF-targeted siRNA and gemcitabine monophosphate 
(GMP) were co-formulated into a single cell-specific, targeted lipid/calcium/phos-
phate (LCP) nanoparticle. This delivery system enforces eightfold reduction in 
tumor cell proliferation and a significant decrease of tumor microvessel density 
(MVD) as compared to therapy with either anti-VEGF siRNA or GMP alone. 
Further, anisamide (AA) was added to the LCP surface to specifically target the 
sigma receptors that are overexpressed in many human cancer cells [104]. A novel 
nanocomposite comprising bevacizumab (Bev) modified SiO2@LDH nanoparticles 
(SiO2@LDH-Bev) loaded with DOX was explored to exhibit an improved cellular 
uptake and demonstrated targeting of DOX to the brain tumors. This resulted in 
enhancement of both antineuroblastoma and antiangiogenesis efficiency and also 
reduced the side effects caused by DOX [105]. Amino-triphenyl dicarboxylate-
bridged Zr4+ metal-organic framework nanoparticles (NMOFs) were modified with 
a nucleic acid complementary to the VEGF aptamer. The nucleic acid-functional-
ized NMOFs were loaded with the anticancer drug, DOX, and were capped by 
hybridization with the VEGF aptamer that yielded the VEGF-responsive duplex 
nucleic acid gates. In addition, conjugation to the AS1411 aptamer sequence that 
binds to nucleolin receptors resulting in the construction of cancer cell-targeted 
VEGF-responsive DOX- loaded NMOFs. The system demonstrated selective per-
meation with a twofold enhanced uptake along with the selective apoptosis of the 
MDA-MB-231 cancer cells, as compared to the normal MCF-10A breast cells 
[106]. Further, combination of Ang2 inhibitor (recombinant peptide-Fc-fusion pro-
tein called peptibody) and VEGF inhibitor (humanized mAb bevacizumab) permit-
ted vascular normalization at significantly reduced doses and avoided excessive 
vessel regression [107].

7  Fibroblast Growth Factor Receptor

Fibroblast growth factor family comprises 22 identified molecules, of which only 
18 function as FGF ligands (exceptions are FGF 11–14). FGF are secreted glyco-
proteins and they carry strong affinity for the cell surface proteoglycans, which 
include glycosaminoglycan side chains. Thus, due to their ability to adhere, they are 
trapped on the surface of the cells which secrete them or the cells in proximity, 
enhancing their action to mediate short-range signal transduction [108, 109]. 
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The FGF receptor is a transmembrane tyrosine kinase receptor that belongs to the 
immunoglobulin (Ig) superfamily. Humans consist of four genes encoding for the 
FGF receptors, a family of receptors responsible for the expression of transmem-
brane RTKs (FGFR1–4). The FGFR monomers consist of an extracellular domain, 
including a ligand-binding site, three immunoglobulin loops coded by alternative 
splicing, an acidic box containing glutamic acid and aspartic acid residues in the 
IgI–IgII linker region, a transmembrane domain, and a split tyrosine kinase domain 
constituting the C-terminal cytoplasmic domain. The first Ig-like domain and the 
acid box forming the N-terminal are reported to play a role in receptor autoinhibi-
tion. The second and the third Ig-like domains are known for FGF ligand binding 
and are responsible for binding to the FGFR subtypes [110–112]. The intracellular 
portion consists of a juxtamembrane domain, a split tyrosine kinase domain, and a 
carboxy- terminal tail [113].

7.1  Recognition Domain and Binding of Ligands 
with the FGFR

The extracellular ligand-binding domain has a hydrophobic signal peptide- 
containing region and two or three immunoglobulin (Ig)-like domains (D1–D3). 
The bridge between D1 and D2 comprises 30 serine residues. Signal transduction 
from extracellular region to the cytoplasmic domain is facilitated by the transmem-
brane domain. The C-terminal lies in the juxtamembrane region, which emerges 
from the cytoplasmic membrane and has a split tyrosine kinase domain [114, 115]. 
This receptor system contains heparan sulfate proteoglycans and the related heparin- 
like molecules necessary for FGF-FGFR binding and receptor activation. Binding 
of FGF to the FGFRs induces receptor dimerization, leading to conformational 
changes within the FGFR structure, thereby leading to trans-phosphorylation of the 
tyrosine residues in the intracellular part of the receptor, including the kinase 
domain and the C-terminus [108, 116, 117]. There are seven autophosphorylation 
sites in FGFR1, Y463 (juxtamembrane), Y583/Y585 (kinase insert), Y653/Y654 
(the activation loop), Y730 (kinase domain) and Y766 (C-terminal tail) [118]. 
Transphosphorylation of the tyrosine residue Y653, in the activation loop, leads to 
the activation of the kinase by 50–100-fold, thereby autophosphorylating the tyro-
sine residues in the juxtamembrane (Y463), the split kinase insert (Y583/Y585), 
and the C-terminal (Y766). These autophosphorylations induce structural changes, 
thereby presenting the cytoplasmic domain as a docking site for the downstream sig-
naling molecules. Finally, phosphorylation of tyrosine in the activation loop (Y654) 
leads to further enhancement in the kinase activity by tenfold [119]. The binding of 
the docking proteins to the FGFRs leads to activation of multiple signal transduction 
pathways, including the four main downstream pathways, Ras-Raf- MapK, PI3K-Akt, 
Stats, and PLCγ [108].
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7.2  Structure-Activity Relationship for Binding of Ligands 
with the FGFR

Upon ligand binding, the tyrosine residue 463 in the juxtamembrane is phosphory-
lated, followed by Crk phosphorylation, to instigate formation of a complex between 
FGFR and Crk. SOS (activated by Crk) further 42 activates JNK, via Ras [116] and 
Rac pathway [120]. In addition to Rac, cdc42, a cell cycle regulator has also been 
reported as an intermediate to the JNK and p38 activation cascades [116]. Direct 
interaction of DOCK180 with Rac1 occurs, thereby activating JNK in a manner that 
is dependent on factors like Cdc42Hs and SEK and increasing the amount of GTP- 
bound Rac1 [121]. Receptor activation also phosphorylates the docking protein, 
FGFR substrate 2 (FRS2), which further employs Shp2 and enhances association 
between the growth factor receptor-bound 2 (Grb2) and SOS, thus triggering the 
induction of Ras/MEK/MAPK signaling pathways [74, 122, 123]. In addition, acti-
vation of the PI3-kinase pathway takes place via tyrosine phosphorylation in FRS2α 
and recruitment of Grb2 and Gab1 [124]. Additionally, interaction of the accessory 
proteins (SH2 domain-containing adaptor protein B (Shb) and SH2 domain- 
containing collagen (Shc)) with the FGFRs facilitates the signal transduction [120, 
125]. Binding of Shb2 induces tyrosine phosphorylation (Y766), thereby activating 
the Ras/MEK/MAPK pathway. FGFR binds to the signal transducers and activators 
of transcription (STAT) and ribosomal protein S6 kinase 2 (RSK2). Further, STAT3 
binds to the phosphorylated Tyr677 of the FGFR1. In addition, tyrosine activation of 
STAT3 requires overexpression of FGFR1 or FGFR2 [122]. In cancer cells, when the 
FGFRs bind to different FGF ligands, the FGFRs can cause abnormal upregulation 
of the Ras-dependent mitogen-activated protein kinase (MAPK), Ras- independent 
phosphoinositide3-kinase-protein kinase B/Akt (PI3K-PKB/Akt) pathway, and sig-
nal transducer and activator of transcription (STAT)-dependent signaling pathways, 
which are closely associated with the development of multiple cancers.

7.3  Strategies to Target the FGFR

This section gives an overview of different drug delivery strategies like prodrug 
complex, nanoparticle delivery to target FGFR for anticancer therapies. Conjugation 
of truncated human FGF1 (residues 21–154) (FGF1V) with monomethyl auristatin 
E (MMAE) was developed for potent and specific cytotoxic effect. FGF1V contains 
three-point mutations (Q40P, S47I, and H93G) and an N-terminal four- amino acid 
linker (CGGG), which increases its stability. The FGF1V-valine- citrulline-MMAE 
conjugate showed targeted and efficient release of MMAE at lower concentration 
than the native MMAE [126]. Further, brivanib alaninate is an L-alanine ester 
prodrug of brivanib with enhances aqueous solubility of drugs and enables their 
oral administration. It is a selective dual inhibitor of FGF and VEGF signaling. 
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Brivanib alaninate has reduced 76% tumor cell proliferation and tumor vascular 
density in xenograft models [127]. Further, disulfide-stabilized diabody (ds-Diabody) 
against antibasic fibroblast growth factor (bFGF) was constructed by site-directed 
mutation and overlap extension PCR (SOE-PCR), at VH44 and VL100, in single-
chain variable fragment (scFv) antibody. It inhibited the bFGF-induced activation of 
the downstream signaling regulators and also decreased the densities of microvessels 
and lymphatic vessels in the tumor tissue.

8  Clinical Development of Growth Factor Receptor 
Antagonists

An overview of the clinical development of various growth factor receptor antago-
nists for cancer treatment has been concisely presented in Table 7.2.

9  Conclusion

Cancer possesses numerous growth alteration mechanisms and compromised cell 
surface receptors that govern and regulate the cellular functions, enhancing malig-
nant behavior. These cell surface receptor families consist of tyrosine kinases and 
serine/threonine kinases, which control the cellular expression of the growth fac-
tors. There are eight types of growth factors that participate in the controlled devel-
opment normal cells. In this chapter, seven of the growth factor receptors (HGF, 
ILGF, PDGF, TGFβ, VEGF and FGF) have been elaborated, while the growth factor 
receptor activation and signal transduction of the epidermal growth factor receptor 
has been explained in Chap. 7. This document contains elaborate details about the 
growth factor receptors, with respect to their structure, binding with the ligands, 
their binding domains, the signal transduction pathway triggered upon ligand bind-
ing, and their downstream signaling mechanisms. Their respective receptors are 
majorly responsible for the transduction of downstream signaling pathways. These 
pathways, upon interaction with abnormally expressed ligands, exert continued sig-
naling cascades that transform normal cells to cancerous ones. The factors dictating 
the transformation of cells into a cancerous can be controlled via regulations in the 
signaling of growth factor receptors upstream. The conventional drugs used in che-
motherapy can be conjugated with various newly designed molecules like small 
peptides and monoclonal antibodies. Advancements in these molecules are their 
mode of delivery. Organ specificity of the drugs can be achieved via entrapment in 
different carrier molecules like liposomes or polysaccharide-based nanoparticles. 
The drugs and their targeting strategies developed are currently being tested for 
their stability and preventing the metastasis. Certain genetically engineered variants 
of ligand have also been studied for the receptor regularization. These ligand vari-
ants, drug complexes, and delivery techniques are still in their clinical trial phases. 
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The combinatorial therapies need a lot of in vitro research base with respect to 
proving its synergism and effect up on the linked signaling pathways. The pharma-
codynamic studies reveal that these drugs carrying specific targets can be useful in 
designing personalized medicine. These therapies are currently under various 
phases of clinical trials. Their clinical success will lead to the availability of more 
specific, effective, and safer therapies for the treatment of a variety of cancers. 
Multiple clinical trials described in the document have passed phase II depicting the 
success ratio of the upcoming promising therapy with a drug delivery system. 
Research attempts directed toward these receptors are anticipated to provide inter-
disciplinary insights on their implication in the development, progression, and treat-
ment of the cancers caused by overexpression of growth factor signals.
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Chapter 8
Lung Cancer Receptors and Targeting 
Strategies
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Abstract Lung cancer still remains the leading cause of cancer-related deaths 
worldwide. Till now, non-small cell lung cancer (NSCLC) and small cell lung can-
cer (SCLC) have effectively responded to conventional therapy. However, because 
of cancer nature and subsequent side effects of conventional therapy, inventing 
novel drug targets for lung cancer therapies has become essential. The disease man-
agement recently has seen a paradigm shift with the advent of next-generation 
sequencing, which has extensively affected the disease prognosis and hence led to 
newer targeted therapies. Receptors particularly have played an important role as 
molecular targets and hence presented new opportunities for intracellular targeting 
of drug delivery systems. Such approach for therapy not only improves the efficacy 
of the drug but also reduces the overall systemic cytotoxicity. This chapter exten-
sively focuses on such receptors targeted for lung cancer therapy. Further, the role 
of receptors like epidermal growth factor receptor (EGFR), c-MET, and vascular 
endothelial growth factor (VEGF) has been discussed with respect to their appropri-
ate ligand(s) binding and developed nanocarrier system for targeting. In addition, 
this chapter presents the current status of clinical outcomes of conventional drugs in 
targeting these receptors and thus improving the overall survival rate in patients 
suffering from this dreaded disease.
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Abbreviations

ADC Adenocarcinomas
ALK Anaplastic lymphoma kinase
AREG Amphiregulin
ADCC Antibody-mediated cellular cytotoxicity
ATP Adenosine triphosphate
ADAM A disintegrin and metalloproteinase
BTC Betacellulin
CRR Confirmed response rate
EGF Epidermal growth factor
EPG Epigen
EPR Epiregulin
EGFR Epidermal growth factor receptor
Grb2 Growth factor receptor-bound protein 2
HAP Hypoxia-activated prodrugs
HIF-1α Hypoxia inducible factor-1α
HGF Hepatocyte growth factor
HGFR Hepatocyte growth factor receptor
HB-EGF Heparin-binding EGF
mAbs Monoclonal antibodies
MAPK Mitogen-activated protein kinase
NSCLC Non-small cell lung cancer
NRG Neuregulins
ORR Objective response rate
PI3K Phosphatidylinositol 3′-kinase
PLC Phospholipase C
PLC-γ Phospholipase C-γ
PEI Polyethylenimine
RTKs Receptor tyrosine kinases
SCC Squamous cell carcinomas
SCLC Small cell lung cancer
STATs Signal transducers and activators of transcription
SAR Structure activity relationship
ScFv Single chain variable fragment
TGF-α Transforming growth factor alpha
TKIs Tyrosine kinase inhibitors
TGFβ1 Transforming growth factor beta 1
TNFα Tumor necrosis factor alpha
VEGF Vascular endothelial growth factor
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1  Introduction

Lung cancer has been one of the major cancer types that are associated with a high- 
mortality rate, all over the globe. Lung cancer is more commonly observed in male 
patients than in females, and has a higher prevalence in the geriatric population [1]. 
Over the past century, there has been tremendous advancement in the pathophysio-
logical understanding about lung cancer. However, the major drawback associated 
with this disease is its poor prognosis, often leading to an inoperable condition. 
Nevertheless, considerable progress is being made in the development of newer 
strategies against lung cancer, especially with regard to the discovery of newer ther-
apeutic targets, development of various therapeutic molecules, either small mole-
cules or macromolecules like the antibody-based options, and also advanced 
delivery approaches like the targeted delivery systems or combinatorial therapies.

The molecular basis of lung cancer is complex and heterogeneous. Therefore, it is 
important to understand the molecular alterations at multiple levels, namely, genetic, 
epigenetic, and protein expression, and their functional significance, which may have 
the potential to impact the diagnosis, prognosis, and treatment of lung cancer. Lung 
cancers may develop through multistep processes involving several genetic and epigen-
etic alterations, particularly activation of growth-promoting pathways and inhibition of 
tumor suppressor pathways. A greater understanding of these biochemical pathways is 
thus crucial for the development of treatment strategies that can target the molecular 
aberrations underlying lung cancer, as well as their downstream pathways.

1.1  Classification of Lung Cancer

Based on their histology, the lung cancers are classified into two main types, which 
include the non-small cell lung cancer (NSCLC) and the small cell lung cancer 
(SCLC). Among these, the NSCLC is more predominant and demonstrates an 
occurrence of almost 85%, as shown in Fig. 8.1 [2]. The NSCLC is further classified 
into three major types, namely, the adenocarcinoma, the squamous cell carcinoma, 
and the large-cell carcinoma. The origin of the NSCLC is mostly epithelial, whereas 
that of the SCLC is neuroendocrine [3, 4]. The main characteristics of the different 
kinds of lung cancers with respect to their origin, occurrence, and their prominent 
features have been listed in Table 8.1.

2  Brief Overview of the Receptors Associated with Specific 
Forms of Lung Cancer

Receptor-mediated tumor targeting has received considerable attention in the field 
of anticancer therapeutics due to their specific action. Targeting the receptors, over-
expressed in cancers, has opened new opportunities for intracellular targeting of 

8 Lung Cancer Receptors and Targeting Strategies
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drugs and delivery systems that are conjugated with targeting moieties, that is, the 
ligands. This receptor-mediated targeting of anticancer drugs, especially using 
nano-sized carrier systems, protects them from the degrading body environment and 
improves their pharmacokinetic properties by extending their circulation time 
within the body. Moreover, it also helps to overcome the systemic toxicity and 
adverse effects that arise due to the nonselective nature of most of the current anti-
cancer therapeutic agents [5].

Recently, a large number of molecular changes, such as mutations and gene 
amplifications, have been found to be responsible for tumor survival and cancer 
prognosis [6]. The targeted anticancer therapies also aim to focus on these common 
cellular modulations that take place at the molecular level. Targeting of these modu-
lations enhances the survival rates in patients, which may not be possible in 
 nonsurgical stages [7]. Personalized therapy can be used to target the cancers, 
according to the patients’ predisposition to them, according to the individuals’ 
genomic profiles, and can hence deliver appropriate drugs, at the correct dose and at 
the right time [8]. Some of the mediators that may play a predominant role in the 
treatment of lung cancer include the epidermal growth factor receptor (EGFR), the 

Fig. 8.1 Statistics for the occurrence of different types of lung cancer
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vascular endothelial growth factor (VEGF), the anaplastic lymphoma kinase 
(ALK), etc. [9]. A comprehensive list of all the prognostic factors or receptors that 
are significant during the development of lung cancer has been stated in Table 8.2.

Out of these receptors, EGFR, c-MET, and VEGFR have been discussed in 
details in relevance to lung cancer as they have been extensively studied and 
exploited for cancer therapy.

3  The EGFR Receptor

The EGFR is highly expressed in almost all types of lung cancers. The receptor has 
been extensively studied, specifically for targeting the NSCLC, since mutations of 
EGFR in SCLC patients are rare [36]. This growth factor triggers signaling through 
the EGFR receptor tyrosine kinase (RTK), which promotes cell growth and eventu-
ally leads to the metastasis of lung cancer. The strategies employed for inhibiting 
EGFR include inactivation of the TK signaling cascade or the use of antibodies to 
neutralize the EGFR and its associated ligands. There have been several reports 
about drugs and monoclonal antibodies that have been successfully used against the 
EGFR. However, the major concern with these therapies is the eventual develop-
ment of resistance by the receptor, which has necessitated combination therapies, 
using dual drug systems or drug-antibody systems [10, 37].

Table 8.1 Characteristics of various forms lung cancer

Sr. No Cancer type Characteristics

1. Small cell-lung cancer Neuroendocrine in origin
Highly metastatic and subsequent relapse observed
Rarely found in nonsmokers
Difficulty in surgical resection

2. Non-small cell lung 
cancer

Common form of lung cancer
Easily removed by surgical resection, by standard care for 
localized occurrence

(a) Adenocarcinoma Major type of NSCLC
Caused due to exposure to radiation and carcinogens
Originates from peripheral tissue of the lungs, mostly 
mucus- secreting cells
Spreads at a lower rate
Bronchioloalveolar carcinoma is adenocarcinoma

(b) Squamous cell carcinoma Second common type of NSCLC
Originates in the airway lining of the lung cells

(c) Large-cell carcinoma Difficult to treat
Originates in the central part of the lungs, may have 
neuroendocrine origin
Quick in growth and spreads rapidly
Mostly discovered at later stages

8 Lung Cancer Receptors and Targeting Strategies
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The EGFR is a 178 kDa transmembrane protein belonging to the receptor tyro-
sine kinase (RTK) family of proteins. The family consists of four members, namely, 
EGFR (Erb1, Her1), Erb2 (neu, Her2), Erb3 (Her3), and Erb4 (Her4). The receptor 
plays an important role in various cellular functions, including cell proliferation, 
survival, differentiation, and motility, and is necessary for the normal development 
of the organism [38].

3.1  Recognition Domain of the EGFR Receptor

All the aforementioned EGFR receptors share a basic structure, as depicted in 
Fig. 8.2, which consists of an extracellular binding domain that interacts with the 
ligands, the transmembrane domain traversing the lipid bilayer and the tyrosine 
kinase domain, on the cytoplasmic side, along with –COOH terminal tail containing 
several phosphorylation sites [39].

The extracellular region of the Erb family of receptors consists of 621 amino 
acids and includes two ligand-binding homologous domains (I and III) and two 
cysteine-rich domains (II and IV).

The transmembrane domain is made up of a single alpha helix containing 23 
amino acids. The cytoplasmic domain consists of 542 amino acids that form the 
juxtamembrane cytoplasmic domain, a tyrosine kinase domain, followed by the 
 carboxyl group terminal tail that encompasses multiple phosphorylation sites.  

Fig. 8.2 The general structure of EGFR comprising the ligand-binding domain, transmembrane 
domain, tyrosine kinase domain, and carboxy terminal tail

U. Koli et al.
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The intracellular domain of the receptor has 20 tyrosine residues, out of which 12 
are known to undergo phosphorylation. These phosphorylation sites serve as bind-
ing sites for the membrane-bound or soluble effector molecules, upon activation of 
the receptor.

Besides the membrane-bound forms, the Erb receptors are also found in soluble 
forms. The latter do not possess the transmembrane and the cytoplasmic domains 
and may be generated by proteolytic cleavage of the membrane-bound receptor or 
by alternative splicing [40].

Activation of the EGFR is controlled by its ligands. Upon binding with its ligand, 
a single molecule of EGFR dimerizes with another similar EGFR molecule (homodi-
merization) or with another member of the EGFR family (heterodimerization), pref-
erably Erb2. Upon activation, the cytoplasmic side having the tyrosine kinase 
domains on both members of the dimer undergoes activation and is autophosphory-
lated at selective tyrosine residues in the tail region. The autophosphorylation sites 
serve as docking sites, directly or indirectly, for small signaling molecules such as 
Grb2, Grb7, Shc, Crk PLC-γ, SRC, PI-3K, and protein phosphatases – SHP1 and 
SHP2 and E3 ubiquitin ligase Cbl. Other molecules like STAT1, STAT3, STAT5, and 
PLD participate indirectly by playing a role in signaling. The activation of EGFR 
further stimulates several other pathways, which have been summarized in Fig. 8.3.

Fig. 8.3 The EGFR signaling network. MAPK, mitogen-activated protein kinase; PI3K, phospha-
tidylinositol 3′-kinase; PLC, phospholipase C; STATs, signal transducers and activators of 
transcription

8 Lung Cancer Receptors and Targeting Strategies
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It is likely that the Erb2 receptor is necessary for the induction of tumor growth. 
The heterodimerization of Erb2 receptors with rest of the family members is an 
important mechanism for the oncogenic transformation of various types of tumors. 
This was studied using NIH3T3 cell line, which did not express any of the EGFR 
receptors. The influence of heterodimerization on tumor growth was assessed by 
transfecting various combinations of EGFR receptors in NIH3T3 cell line [41]. 
Those cells which expressed homodimers of Erb2, Erb3, and Erb4 did not induce 
any tumor growth, whereas cells which expressed only Erb1 had moderate tumori-
genic characteristics. Interestingly, the Erb2/Erb3 pair was able to induce tumor 
growth, whereas the Erb1/Erb3 and Erb1/Erb4 pairs did not. On the contrary, the 
Erb1/Erb2 heterodimer pair was able to produce an aggressive tumorigenic pheno-
type in the NIH3T3 cells. Coexpression of Erb1 and Erb2 synergistically height-
ened the cellular response of the EGFRs and increased the overall expression of the 
proliferative markers [42].

In addition to this ligand-induced dimerization model for EGFR activation, 
EGFR can be activated by another model of ligand binding, known as the “rota-
tional model.” According to this model, the EGFR exists in an inactive, unliganded 
dimeric form. Once the ligand binds to the extracellular domain, a rotation is 
induced in its transmembrane domain, in a direction parallel to the plane of the lipid 
membrane of the inactive, dimeric form. This conformational change rearranges the 
intracellular kinase domain that leads to the conversion of the inactive symmetric 
receptor to an active asymmetric form.

3.2  Binding of Ligands with EGFR

As mentioned earlier, the dimerization of EGFR receptors is due to their ligands. 
There are 11 known ligands associated with the EGFR receptors. These can be 
divided into three groups, namely, (i) those that activate ErB1, namely, the epidermal 
growth factor (EGF), the transforming growth factor (TGF)-α, amphiregulin 
(AREG), and epigen (EPG), (ii) those which are formed by ligands that are bispecific 
to ErB1 and ErB4, namely, betacellulin (BTC), heparin-binding EGF (HB-EGF), 
and epiregulin (EPR), and (iii) those which are formed by neuregulins (NRG), which 
can bind to both, ErB3 and ErB4 (NRG1 and NRG3) or only ErB4 (NRG3 and 
NRG4). There are no known ligands that bind to the Erb2 receptor, which forms 
heterodimers with the other members of the EGFR receptor family, and its overex-
pression in cells causes ligand-independent cell transformation [43].

Each of these ligands has an EGF-like core domain, consisting of ~60 amino 
acids, which is responsible for facilitating their biological activity [44]. They are 
manufactured as type 1 transmembrane precursors that are usually cleaved from the 
extracellular domain to soluble forms, which then bind to the EGFRs and activate 
them. This cleavage is promoted by the proteins of a disintegrin and metalloprotein-
ase family (ADAM), which form the soluble peptides, containing at least one EGF- 
like domain and spatially arranged cysteine residues, and are capable of EGFR 
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activation. These soluble factors bind to the EGFRs on the cells present at a distance 
from the release site (endocrine), the neighboring cells (paracrine) or the EGFRs 
present on the same cells (autocrine). Although the separation of EGFR-specific 
ligands seems to be an important step for receptor activation, many of the ligands 
such as HB-EGF, TGF-α, AREG, and BTC, are capable of activating the EGFRs 
even when they are hitched to the plasma membrane (juxtacrine) [40].

Upon ligand binding, the activated EGFR cluster is internalized via clathrin- 
coated, receptor-mediated endocytosis, where E3 ubiquitin ligase induces lyso-
somal degradation. The internal EGFR signaling and trafficking differs according to 
the various ligands of the receptor. HB-EGF and BTC signal continuous phosphory-
lation, ubiquitination, and degradation of EGFR.  On the other hand, binding of 
TGF-α leads to temporary phosphorylation, minimum ubiquitination, and complete 
recycling of the endosomes containing the EGFRs. Inside the early endosomes, the 
TGF-α dissociates more readily from the receptor, due to the slightly acidic environ-
ment, which causes differential trafficking, and recycles the unbound EGFR back to 
the membrane [40, 45].

The EGFR receptors are internalized not only via clathrin-mediated endocytosis, 
but also via the caveolae. The mode of endocytosis is determined by the concentra-
tion of the ligand present, with a higher concentration inducing continuous phos-
phorylation and receptor degradation, leading to clathrin-independent endocytosis. 
On the other hand, lower ligand concentrations lead to clathrin-dependent endocy-
tosis, along with receptor recycling [40].

3.3  Antagonists for Ligand Binding

Over the last decade, research in targeting of lung cancer, especially the NSCLC has 
been revolving around the use of two major receptor-targeting strategies. First is the 
use of immune inhibitors, namely, the anti-EGFR antibodies that bind to the extra-
cellular domain and are highly specific for the receptor. The second strategy involves 
the use of small-molecule inhibitors that compete reversibly with the ATP to bind to 
the intracellular tyrosine kinase domain of EGFR, thus restricting autophosphoryla-
tion and blocking the downstream signaling. The mechanism of action and the bio-
logical effect of mAbs and small-molecule tyrosine kinase inhibitors (TKIs) depend 
on the route of administration, their bio-distribution, induction of EGFR downregu-
lation, and activation of other immune functions. Despite their varied mechanisms 
of action, EGFR inhibition leads to some common antitumor effects such as inhibi-
tion of cancer cell proliferation by arresting the cell cycle in G0/G1 phase, induction 
of apoptosis, reduced production of the angiogenic growth factors, prohibition of 
cellular invasion and metastasis, and sensitization of the tumors to cytotoxic drugs 
and radiotherapy [46].

Among the anti-EGFR mAbs such as cetuximab, specifically bind to the extra-
cellular region of the EGFR in its inactive form and thus obstruct the ligand-binding 
sites and block the activation of tyrosine kinase [47]. Apart from blocking the 
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signaling pathways, mAbs also display antitumor action through antibody-mediated 
cellular cytoxicity (ADCC) and complement-mediated toxicity [48].

Cetuximab is one of the most extensively studied anti-EGFR antibodies for tar-
geting advanced NSCLC. It is a chimeric human murine IgG1 monoclonal antibody, 
obtained from the myeloma cell line. It consists of murine Fv EGFR-binding region 
and human IgG1 heavy and light chain Fc regions, collectively having an approxi-
mate molecular weight of 152 kDa. It binds to the ligand-binding domain III of the 
EGFR, with a high affinity (dissociation constant Kd of 1.8 nM, ~10-fold higher 
than its ligand), and thereby restricts the activation of downstream intracellular sig-
naling, particularly mitogen-activated kinases pathway, by inhibiting the receptor 
dimerization. It has been observed in certain studies that cetuximab enhances the 
cellular internalization of the receptor thereby reducing the number of receptors 
available for ligand binding [49].

Other early competitors of cetuximab included panitumumab and matuzumab. 
However, they failed in phase II clinical trials as their combination with chemo-
therapeutic agents did not demonstrate a benefit to patients compared to the chemo-
therapy alone [50]. Other antibodies targeted toward EGFR include nimotuzumab, 
pertuzumab, trastuzumab, and necitumumab. Necitumumab has been recently 
approved by the USFDA for the treatment of squamous cell lung cancer, based on 
the results of the SQUIRE trial [51]. Its role in targeting of lung cancer, as well as 
the clinical efficacy in targeting various lung cancer conditions, has been elabo-
rated [52].

Among the TKIs, gefitinib (ZD1839, Iressa), was the first drug developed to 
inhibit the EGFR. This molecule competes reversibly with ATP to bind to the intra-
cellular domain of the EGFR and blocks autophosphorylation and downstream sig-
naling. It is an orally administered, low molecular weight, anilinoquinazoline 
tyrosine kinase inhibitor. A dose of about 250 mg/day is administered for the inhibi-
tion of the EGFR and its downstream signaling processes [53]. Gefitinib selectively 
binds to the EGFR tyrosine kinases and does not inhibit serine threonine kinases 
[54]. It is capable of arresting the cell cycle in the G1 phase and it reduces the levels 
of important angiogenesis factors like the VEGF [55, 56].

Other EGFR TKIs include erlotinib, icotinib, afatinib, dacomitinib, osimertinib, 
rociletinib, brigatinib, olmutinib. Out of these, GILOTRIF (afatinib), IRESSA (gefi-
tinib), TAGRISSO (osimertinib), TARCEVA (erlotinib), VIZIMPRO (dacomitinib) 
have been approved for the first-line treatment of NSCLC with EGFR mutation.

3.4  Significant Inhibitors of EGFR

Till date, various drugs/inhibitors have been evaluated for their therapeutic effect in 
lung cancer. These have been enlisted in Table 8.3, along with their mechanisms of 
action and structures.
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3.5  Receptor-Mediated Targeting Strategies

Although various types of lung cancers have been treated using different mAbs and 
small-molecule TKIs, new strategies for actively targeting the EGFR are being 
researched by scientists around the globe.

3.6  Prodrugs/Drug Complexes

Prodrugs are medicines or compounds that upon administration are metabolically 
converted into pharmacologically active drugs. A prodrug can be designed to selec-
tively interact with the cells or processes that are not its direct targets. It may help 
to improve the specific availability of the drug at the disease site and thus reduce the 
associated adverse effects.

Prodrugs have been widely used in targeted drug delivery systems to unload the 
cytotoxic compound into the tumor cells. They offer various strategies for their 
activation chemistry and can thus act against diverse types of cancers. The current 
trends in the development of prodrugs for cancer therapy include the use of macro-
molecules, such as drug-antibody conjugates, polymer-drug conjugates, and other 
self-assembling macromolecules, such as lipids that form liposomal or micellar 
nanoparticles. Various chemotherapeutic agents, including paclitaxel, doxorubicin, 
carboplatin, etc. have been conjugated with polymers, such as PLGA, PEG, etc. to 
synthesize prodrugs for different types of lung cancer.

The two strategies used for the conversion of prodrugs into active drugs 
include (i) passive approaches that exploit the basic physicochemical or physio-
logical changes (for e.g., reduced pH, hypoxia, overexpression of the surface 
receptor) and (ii) active strategies that utilize prodrugs that may be activated by 
a site-directed enzyme, thus aiding in specialized activation chemistry for the 
prodrug conversion.

Many enzymes are known to be upregulated in cancer. DT-diaphorase (DTD) is 
elevated in many cancers including NSCLC [70]. This is a cytosolic enzyme that 
reduces two electron containing quinone substrates and activates mytomycin C, the 
DNA cross-linker. DTD can be targeted by alkylating agents, such as RH1 that 
causes the bioreduction of the attached quinone to selectively activate the aziridine 
rings in the cancer cells [71]. Also, cytosolic phospholipase A2α, which plays an 
important role in cell cycle regulation, has been targeted by researchers. Elevated 
levels of PLA2α increase the production of eicosanoids that results in the promotion 
of tumor growth and metastatic activity of the tumor. Further, its inhibition is known 
to suppress the proliferation of tumor cells by inducing apoptosis. Subsequently, a 
nanodrug delivery system consisting of mesoporous silica nanoparticles containing 
pyrrolidone-2, and decorated by EGFR receptor-targeted antibody (EGFRAb) was 
developed. Silica nanoparticles (SN) are nontoxic and pyrrolidone-2, a potent inhib-
itor of PLA2α, blocks the production of prostaglandins E2 and leukotriene. EGFRAb 
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was employed to direct the silica nanoparticles specifically to the cancer cells. In 
vitro studies in H460 lung cancer cells showed the potency of pyrrolidone-2-loaded 
SN-EGFRAb nanoparticles, by reducing the activity of PLA2α, decreasing the lev-
els of arachidonic acid and limiting the cell proliferation. Furthermore, this nanopar-
ticulate system showed better antitumor activity (38%) with enhanced tumor 
inhibition rate in a subcutaneous model of NSCLC. Also, the EGFR antibody helped 
in targeting the nanoparticles specifically to the tumors cells as compared to the 
native nanoparticles [72].

The second approach involves the passive targeting of prodrugs to the tumor. 
This approach exploits the physicochemical characteristics of the cancer cells, such 
as the tumor microenvironment. The solid tumors in general are hypoxic due to 
deregulated cell growth and poor vascularization. Due to the hypoxic conditions, 
the cancer cells resist cell death, induce angiogenesis and interfere with energy 
metabolism of the cells. This enhances the cancer aggressiveness and metastasis. 
Under such conditions, due to falling oxygen levels, an important transcription fac-
tor called hypoxia-inducible factor-1α (HIF-1α) promotes the expression of genes 
responsible for the suppression of apoptosis, angiogenesis, invasion, and motility 
[73]. In NSCLC, HIF-1α expression causes resistance to radiotherapy, chemother-
apy, and EGFR TKIs [74–77]. Since hypoxia is connected to the resistance in 
NSCLC therapy, researchers have targeted cancers using hypoxia-activated pro-
drugs (HAP). One classic example of HAPs is that of tarloxotinib bromide, a biore-
ductive pan-EGFR inhibitor. Under hypoxic conditions, tarloxotinib undergoes 
metabolism via one-electron reduction to a fragment and releases a potent EGFR 
TKI that exerts antiproliferative activity. Tarloxotinib bromide was designed to 
release an EGFR TKI, erlotinib under hypoxic conditions. Efficient metabolism of 
tarloxotinib was demonstrated in a range of human NSCLC cell lines and it was 
shown to be more effective than erlotinib in wild-type and EGFR-mutant NSCLC 
xenografts [78, 79]. Targeting cancer with tarloxotinib/erlotinib had reached phase 
II clinical trials in patients with NSCLC; however, poor response rates led to the 
discontinuation of these trials [80].

Recently, scientists have designed and synthesized an active tumor targeting pro-
drug, gefitinib (PPG), which is a polyamine analog, for precision therapy in 
NSCLC. This macromolecule containing an EGFR TKI was not only successful in 
inhibiting the growth of PPG-sensitive PC9 cells, but was also efficient in killing the 
PPG-resistant H1650 cells [81].

3.7  Nanocarriers Targeting EGFR Receptor for Lung Cancer 
Therapy

The nanocarrier approach offers the ability to target the drugs accurately to the 
tumorous tissue, which may reduce the toxicity of chemotherapeutic agents. 
Nanoparticles can be targeted via active or passive approaches. Three types of 
nanoparticles have been explored for the treatment of lung cancer, namely, (1) 
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natural nanoparticles (2) organic nanoparticles, and (3) inorganic nanoparticles. 
Of these, many have been used to target the EGFR for specific delivery of various 
therapeutic compounds and have been listed in Table 8.4.

4  The Receptor: c-MET

c-MET receptor is overexpressed in lung cancer as an outcome of the resistance 
developed through the EGFR inhibitors, which leads to c-MET amplification. 
Therefore, c-MET is an important receptor in NSCLC. It is a transmembrane tyro-
sine kinase receptor (RTK), which is activated by the ligand, the hepatocyte growth 
factor (HGF). Activation of c-MET RTK drives a plethora of molecular events in 
the cells, thus rendering it as an ideal target for therapy. Amplification of c-MET in 
NSCLC leads to proliferation, invasion, metastasis, and angiogenesis of the can-
cerous cells. As NSCLC has a poor prognosis and is highly malignant due to the 
overexpression, amplification, and association of c-MET, the receptor can act as a 
useful target for treating this cancer type. Thus, various therapies and drugs target-
ing c-MET are currently being tested either alone or in combination with monoclo-
nal antibodies. Various monoclonal antibodies like emibetuzumab, ficlatuzumab, 
and rilotuzumab along with tyrosine kinase inhibitors, (TKI) such as crizotinib, 
tepotinib, cabozantinib, and capmatinib, are currently under evaluation. These 
studies have resulted in an improvement in the overall survival rate of NSCLC 
patients [80, 89]. Further, investigators have explored c-MET and EGFR for devel-
oping combination therapy against NSCLC, as c-MET is known to have consider-
able cross-talks with the other signaling pathways. Therefore, a comprehensive 
study of this receptor is anticipated to impart significant knowledge regarding its 
role in NSCLC [20].

4.1  Recognition Domain of c-MET

c-MET or the hepatocyte growth factor receptor (HGFR) is a protein tyrosine 
kinase like the EGFR and belongs to the family of oncogenes that regulate impor-
tant cellular processes, such as differentiation, proliferation, cell cycle, motility, 
and apoptosis [90].

c-MET is a transmembrane receptor tyrosine kinase (RTK), which is a 150-kDa 
polypeptide. Upon glycosylation, the receptor is activated and a forms 190  kDa 
glycoprotein. The receptor comprises a transmembrane β-chain (140 kDa) that is 
extracellularly attached to the α-chain (50 kDa) via a disulfide linkage. This consti-
tutes the binding site for the ligand at the N-terminal of the c-MET receptor [20, 91, 
92]. The receptor is activated by its ligand, namely, the hepatocyte growth factor 
(HGF), which is a member of the plasminogen-related growth factor family. The 
precursor of HGF is mainly produced by the cells of mesenchymal origin. There are 

8 Lung Cancer Receptors and Targeting Strategies



248

Ta
bl

e 
8.

4 
Su

m
m

ar
y 

of
 n

an
oc

ar
ri

er
s 

co
nj

ug
at

ed
 w

ith
 v

ar
io

us
 a

nt
i-

E
G

FR
 m

ol
ec

ul
es

 f
or

 th
e 

tr
ea

tm
en

t o
f 

lu
ng

 c
an

ce
r

Sr
. N

o.
N

an
op

ar
tic

le
 m

at
er

ia
l

Ta
rg

et
in

g 
m

ol
ec

ul
e

C
el

l l
in

e 
or

 a
ni

m
al

 m
od

el
R

em
ar

ks
R

ef

1
G

ol
d 

na
no

pa
rt

ic
le

s 
as

 c
on

tr
as

t 
ag

en
ts

C
et

ux
im

ab
 (

C
22

5)
 

an
d 

L
la

m
a 

he
av

y 
ch

ai
n 

va
ri

ab
le

 r
eg

io
n 

an
tib

od
y 

fr
ag

m
en

ts
 

(V
H

H
 d

om
ai

ns
)

4–
6-

w
ee

k-
ol

d 
fe

m
al

e 
at

hy
m

ic
 

nu
de

 m
ic

e 
w

er
e 

in
je

ct
ed

 w
ith

 
A

43
1 

ce
lls

 to
 d

ev
el

op
 tu

m
or

s 
ha

vi
ng

 v
ol

um
e 

of
 5

 c
c

T
he

 n
an

op
ar

tic
le

 s
ys

te
m

 a
llo

w
ed

 e
ff

ec
tiv

e 
tu

m
or

 
im

ag
in

g 
by

 c
om

pu
te

d 
to

m
og

ra
ph

y 
(C

T
) 

w
ith

 
en

ha
nc

ed
 u

pt
ak

e 
be

ca
us

e 
of

 c
et

ux
im

ab

[8
2]

2
Si

lic
a 

na
no

pa
rt

ic
le

s
A

nt
i-

E
G

FR
 

m
on

oc
lo

na
l a

nt
ib

od
y

In
 v

itr
o 

st
ud

ie
s 

(A
54

9)
 a

nd
 

B
A

L
B

/c
 n

ud
e 

m
ic

e 
in

du
ce

d 
w

ith
 A

54
9 

tu
m

or
s

Si
lic

a 
na

no
pa

rt
ic

le
s 

(~
10

0 
nm

) 
co

nt
ai

ni
ng

 m
A

b 
an

d 
m

et
hy

le
ne

 b
lu

e 
co

m
pl

ex
 w

er
e 

de
ve

lo
pe

d 
as

 
pr

ob
es

 f
or

 lu
ng

 c
an

ce
r 

de
te

ct
io

n

[8
3]

3
G

ol
d 

na
no

pa
rt

ic
le

s
C

22
5

X
en

og
ra

ft
 m

od
el

s 
pr

ep
ar

ed
 

w
ith

 n
ud

e 
m

ic
e 

in
je

ct
ed

 w
ith

 
A

54
9 

an
d 

H
12

99
 c

el
ls

G
ol

d 
na

no
pa

rt
ic

le
s 

(~
14

 n
m

) 
ef

fic
ie

nt
ly

 d
el

iv
er

ed
 

C
22

5 
an

d 
in

cr
ea

se
d 

th
e 

cy
to

to
xi

c 
ef

fe
ct

 in
 

E
G

FR
-p

os
iti

ve
 N

SC
L

C

[8
4]

4
C

hi
to

sa
n 

na
no

pa
rt

ic
le

s 
cr

os
s-

lin
ke

d 
w

ith
 γ

 
-p

ol
y(

gl
ut

am
ic

 a
ci

d)
 lo

ad
ed

 
w

ith
 D

oc
et

ax
el

C
22

5
A

54
9 

ce
lls

T
he

 d
ru

g 
de

liv
er

y 
sy

st
em

 s
ho

w
ed

 s
up

er
io

r 
an

tip
ro

lif
er

at
iv

e 
ac

tiv
ity

 o
ve

r 
un

ta
gg

ed
 d

oc
et

ax
el

 
ch

ito
sa

n 
na

no
pa

rt
ic

le
s.

 T
he

 c
el

l c
yc

le
 w

as
 a

rr
es

te
d 

in
 G

2/
M

 p
ha

se
 a

nd
 r

es
ul

te
d 

in
 th

e 
in

du
ct

io
n 

of
 

ap
op

to
si

s

[8
5]

5
PL

G
A

 N
an

op
ar

tic
le

s 
lo

ad
ed

 
w

ith
 D

oc
et

ax
el

C
22

5
A

54
9 

ce
lls

 a
nd

 x
en

og
ra

ft
 m

ic
e 

m
od

el
s 

be
ar

in
g 

A
54

9 
tu

m
or

s
Su

st
ai

ne
d 

cy
to

pl
as

m
ic

 d
el

iv
er

y 
of

 d
oc

et
ax

el
 w

as
 

ac
hi

ev
ed

[8
6]

6
L

ip
os

om
es

 lo
ad

ed
 w

ith
 

do
xo

ru
bi

ci
n

G
E

11
 (

sh
or

t p
ep

tid
e 

sp
ec

ifi
c 

to
 E

G
FR

)
A

54
9 

ce
lls

, m
al

e 
B

A
L

B
/c

 n
ud

e 
m

ic
e 

in
du

ce
d 

w
ith

 A
54

9 
tu

m
or

s
L

ip
os

om
es

 w
ith

 1
0%

 G
E

11
 h

ad
 th

e 
hi

gh
es

t t
um

or
 

ce
ll 

ki
lli

ng
 a

ct
iv

ity
 a

nd
 a

 2
.6

-f
ol

d 
lo

w
er

 I
C

50
 th

an
 

th
at

 o
f 

th
e 

no
nt

ar
ge

te
d 

ca
rr

ie
rs

. G
E

11
-m

od
ifi

ed
 

lip
os

om
es

 s
ho

w
ed

 e
nh

an
ce

d 
ac

cu
m

ul
at

io
n 

an
d 

pr
ol

on
ge

d 
re

te
nt

io
n 

in
 tu

m
or

 ti
ss

ue

[8
7]

7
1,

2-
di

st
ea

ro
yl

-s
n 

-g
ly

ce
ro

-3
- 

ph
os

ph
oe

th
an

ol
am

in
e-

N
-

(a
m

in
o(

po
ly

et
hy

le
ne

 
gl

yc
ol

)-
20

00
 (

PE
G

 2
00

0/
D

SP
E

)

H
um

an
 e

pi
de

rm
al

 
gr

ow
th

 f
ac

to
r 

(E
G

F)
A

54
9-

T
24

 h
um

an
 lu

ng
 

ad
en

oc
ar

ci
no

m
a 

ce
lls

C
el

lu
la

r 
up

ta
ke

 s
tu

dy
 r

ev
ea

le
d 

th
at

 E
G

F-
ta

rg
et

ed
 

m
ic

el
le

s 
af

fo
rd

ed
 h

ig
he

r 
in

tr
ac

el
lu

la
r 

de
liv

er
y 

of
 

pa
cl

ita
xe

l a
s 

co
m

pa
re

d 
to

 th
e 

no
nt

ar
ge

te
d 

m
ic

el
le

s 
in

 b
ot

h 
re

si
st

an
t a

nd
 s

en
si

tiv
e 

ce
ll 

lin
es

[8
8]

U. Koli et al.



249

six domains in the HGF, namely, the N-terminal domain, four kringle domains and 
the C-terminal domain, which is a catalytic domain that is structurally similar to the 
serine proteases. The HGF binds to the c-MET in 2:2 ratio, that is, two HGFs bind 
to the dimerized form of c-MET/HGFR [93], via the semaphorin domain at the 
N-terminal. The tyrosine kinase domain is located intracellularly in the β chain near 
the C-terminal end. This end is essential for binding to the substrate and subsequent 
downstream signaling [92]. The binding of the HGF to c-MET is known to activate 
several signaling cascades like the growth factor receptor-bound protein 2 (Grb2), 
mitogen-activated protein (MAP) kinase, phosphoinositol 3-kinase (PI3K), and 
phospholipase C-γ (PLC-γ). This receptor–ligand interaction is known to control 
morphogenesis, motility, mitogenesis, and proliferation in epithelial and endothelial 
cells [94, 95]. These pathways can promote cell survival and proliferation along 
with migration, motility, invasion, and angiogenesis, and can bring about transition 
of epithelial cells to mesenchymal cells [20, 96].

4.2  Interaction of the Receptor with Ligands

The receptor contains an extracellular region, the semaphorin domain that is a 
cysteine- rich immunoglobulin domain and an intracellular juxtamembrane domain, 
a tyrosine kinase catalytic domain and a carboxy terminal docking site (Fig. 8.4) 
[20, 96]. The HGF binds to the c-MET at the N-terminal domain, which is also 
known as the semaphorin domain or the sema domain. The sema domain is made up 
of seven β sheets that form a bladed propeller structure having seven arms. Here, 
the second and the third sheets bind to the active site region of the ß-chain of HGF 

Fig. 8.4 Activation of c-MET and signaling cascade associated with its activation
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[97, 98] The tyrosine kinase (TK) region is present at the C-terminal domain, which 
envelopes multiple sites for the phosphorylation of tyrosine. Upon binding with the 
c-MET receptor tyrosine kinase, the HGF activates the receptor by dimerization. 
Homodimer formation further transactivates the TK and the juxtamembrane 
domains. This cross-transactivation results in autophosphorylation of the three con-
served tyrosine residues in the activation loop of the TK domain of the c-MET 
receptor [99, 100].

Phosphorylation of the c-MET receptor can be mediated either via the HGF or 
via various RTKs. This further activates various signaling cascades, which bring 
about changes at the molecular level, through the recruitment of various proteins 
that play a role in signaling. These signaling cascades govern various biological 
actions, such as regulation of transcription and gene expression, survival, reduced 
apoptosis, and regulation of cytoskeletal function along with cell growth and dif-
ferentiation [90, 101].

However, the main difference in the expression of c-MET in normal and onco-
genic cells is that the receptor activation is mediated through the ligands only in 
case of normal cells, which does not occur in the oncogenic cells [93].

4.3  Antagonists for c-MET

The molecules that mimic the HGF are natural antagonist of c-MET. These include 
modifications of the HGF that have shown antagonistic activity against the natural 
HGF. These molecules compete for the binding site at the c-MET without bringing 
about the required conformational change required for dimerization during the recep-
tor activation. The most common molecule is the pro-HGF, which is also the precursor 
of HGF and is known to bind to the receptor without bringing about its activation. 
Further, NK2 and NK4, the HGF α-chain variants, bind to the c-MET without activat-
ing the receptor and thus act as antagonists. The NK2 and NK4 consist of a hairpin 
N-terminal domain and 2–4 kringle domains (2 in case NK2 and 4 in case of NK4) 
which compete with the HGF. NK2 may act as an antagonist or partial agonist to 
c-MET, and occurs naturally. On the other hand, NK4 is produced by the proteolytic 
digestion of HGF and has exhibited a better therapeutic value since its structure is 
similar to angiostatin that downregulates angiogenesis [89, 102, 103]. Along with 
these antagonists, there are certain c-MET decoys that have an ability to inhibit the 
receptor. The above-discussed are naturally available ligands for c-MET.

4.4  Ligands of c-MET

Most of the synthetic ligands of the c-MET receptor target the DFG motif. The DFG 
motif comprises aspartic acid (D), phenylalanine (F), and glycine (G) residues. It is 
present at the N-terminal, near the “activation loop” that covers the catalytic site, 
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the latter being important for the regulation of the receptor. A conformational 
change in the receptor modulates the kinase activity from DFG-in to DFG-out, that 
is, active to inactive state [104]. This property of the receptor has been explored for 
its inhibitory action and has resulted in three main classes of c-MET inhibitors that 
differ in their structure–activity relationship. The class of small molecules that act 
on DFG-in state are termed as Class I inhibitors, comprising small molecules like 
PF-2341066 (Pfizer) and SU11274 (Sugen) [105, 106]. The Class II or AM-like 
inhibitors bind to the inactive state of DFG-out. These are mainly derived from urea 
and are either ring-based or non-ring-based structures [107]. They interact with the 
hydrophobic pocket in the region between the hinge and the C-helix, thus assuming 
an unphosphorylated conformation of c-mET. These two classes of compounds are 
competitive ATP inhibitors. Majority of the inhibitors target via competitive inhibi-
tion; however, noncompetitive ATP inhibitors have also been explored. ARQ197 
(Tivantinib) is a small molecule that inhibits c-MET by interfering with the ATP 
binding noncompetitively. In vitro, this small molecule binds to dephosphorylated 
c-MET and is a bisindolylmaleimide. However, its exact mechanism of action still 
remains unclear, though it has been observed to be safe to the cells [108]. Various 
ligands have been explored for inhibiting the c-MET receptor and have been listed 
in Table 8.5. The inhibitors of c-MET mostly compete for ATP-binding sites either 
in a competitive or noncompetitive manner.

Table 8.5 Ligands explored for inhibition of c-MET

No. Compound Developer Mode of action
Development 
phase References

1 ARQ197 ArQule/
Daiichi 
Sankyo

Noncompetitive; selective, 
mechanism not clear. 
Administered with erlotinib 
for NSCLC

II [109]

2 PF-2341066 Pfizer ATP-competitive; c-MET and 
ALK
inhibitor

III [105]

3 PF-4217903 Pfizer ATP-competitive; selective I [110]
4 JNJ-38877605 Johnson & 

Johnson
ATP-competitive; selective; 
for solid tumors

I [111]

5 XL184/
BMS907351

Exelixis/
BMS

Nonselective inhibitor of 
tyrosine kinase, effective 
against c-MET in cases of 
NSCLC

II [112]

6 AMG102/
rilotumumab

Amgen Humanized antihuman HGF 
IgG2 for
SCLC and adenocarcinoma

II [113]

7 MetMAb Roche Humanized antihuman c-MET 
monovalent antibody, for 
NSCLC

II [114]

8 AMG-458 Amgen ATP-competitive, c-MET, and 
Ron
inhibitor

Preclinical [115]
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4.5  Receptor-Mediated Targeting Strategies

A drug’s efficiency is determined by its ability to target the specific site of action. 
Currently, various nanocarrier-based systems are being explored to enhance the 
receptor-targeting efficiency. However, only a few systems targeting c-MET have 
been designed for the therapy of lung cancers as their therapeutic status in progres-
sion of lung cancer is still being investigated.

A novel theranostic system was developed by Lu et al. wherein the researchers 
conjugated quantum dots with human single chain variable fragment (scFv) antibod-
ies. The scFv antibody targeted against c-MET was used to decorate the surface of 
PEGylated liposomes for delivering doxorubicin in in vitro and in vivo investigations. 
These liposomes could selectively deliver the drug for treating metastases of lung 
cancer [116]. Further, another system comprising an adenoviral vector, along with the 
RGD cell-penetrating peptide, induced with NK4 antagonist of HGF, in mesenchy-
mal stem cells. When this system was tested in a murine model of lung metastasis 
(C-26), it resulted in an increase in the survival rate of the treated mice. Thus, this 
drug delivery carrier was able to reduce angiogenesis in tumors and induced apopto-
sis in the tumorigenic cells, thus prolonging the survival of C-26 mice. The system 
was thus proposed for the treatment of multiple lung metastatic cancer [117]. Similar 
therapies have been used for treating solid tumors, glioblastomas, and hepatocytic 
carcinomas due to the upregulation of c-MET observed in these cancers. As c-MET 
is a pleiotropic receptor, therefore, inhibitors of c-MET give best results when used in 
combination with other receptor inhibitor drug. Thus, combination therapy can help 
to overcome the drug resistance along with arresting of metastasis.

5  VEGF (Vascular Endothelial Growth Factor)

VEGF is a heparin-binding homodimeric glycoprotein, which belongs to the family 
of growth factors. VEGF exerts its action through the interaction with two highly 
related tyrosine kinase receptors, VEGFR1 and VEGFR2, which are predominantly 
expressed in cancer cells. VEGF is the main driver of angiogenesis and is overex-
pressed NSCLC [31]. A variety of environmental factors (hypoxia), growth factors, 
and genetic/epigenetic factors (oncogenes/tumor suppressor genes) regulate the 
expression of VEGF in lung cancer. Along with cytokines and metalloproteinases, 
the transforming growth factor beta 1 (TGFβ1) and tumor necrosis factor alpha 
(TNFα) also stimulate the production of VEGF in the lung cancer cells. The NSCLC 
cells can produce and secrete VEGF, promoting the formation of pleural effusion, 
angiogenesis, and tumor metastatic progression. Current strategies of inhibiting the 
VEGF pathway include two main approaches, monoclonal antibodies for targeting 
the VEGF or VEGFRs and tyrosine kinase inhibitors. Currently, bevacizumab and 
ramucirumab have been approved for treating the NSCLC patients receiving chemo-
therapy. On the other hand, the tyrosine kinase inhibitor, nintedanib, in combination 
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with docetaxel, is the only multikinase antiangiogenic agent that has been approved 
for treating lung cancer patients with advanced adenocarcinoma, after first-line 
chemotherapy. Thus, targeting VEGF is foreseen as a promising strategy for the 
treatment and diagnosis of lung cancer [31, 118].

VEGF plays an important role in tumor development by mediating angiogenesis. 
It is highly expressed in tumor cells and has implications in both NSCLC and SCLC 
[119]. The main function of VEGF is to promote tumor growth through neoangio-
genesis, lymphangiogenesis, and lymph nodal dissemination. The structure, func-
tion, ligand binding, and recognition domain of this receptor have been elaborately 
discussed separately (Chap. 8). Here, we have discussed about the role of VEGF in 
lung cancer and how this receptor may be employed as a therapeutic target for treat-
ing lung cancer.

5.1  Natural and Synthetic Ligands for VEGFR

Various ligands have been explored for inhibiting the VEGFR. Their mode of action, 
current developmental phase, and the companies involved in their development have 
been stated in Table 8.6.

Table 8.6 Various ligands explored for inhibition of VEGF in their developmental phase for lung 
cancer [120, 121]

No. Compound Developer Mode of action
Developmental 
phase References

1 Bevacizumab Avastin; 
Genentech

Recombinant humanized 
IgG1 mAb. It blocks 
angiogenesis by inhibiting 
VEGF-A

Approved [122]

2 Ramucirumab ImClone 
Systems Inc.

Fully human IgG1 
monoclonal antibody
targeting the extracellular 
domain of VEGFR-2

Approved [123]

3 Sorafenib Bayer Inhibits RTKs including 
VEGFR

III [124, 125]

4 PTK787 
(Vatalanib)

Novartis Oral inhibitor of VEGFR-1, 
-2, and -3 tyrosine kinases

III [126]

5 Cediranib AstraZeneca Inhibits VEGFR-1 and/or 
VEGFR-2; multikinase 
inhibitor that has been 
studied as the first-line 
therapy for advanced 
NSCLC

II/III [127, 128]

6 Nintedanib Boehringer 
Ingelheim

Potent TKI having 
anti-VEGFR-2 activity

III [129]

7 Neovastat 
(AE-941)

Æterna Inhibits VEGF binding and 
VEGF TK activity

III [130]
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5.2  Receptor-Mediated Targeting Strategies

siRNA has proven to be a promising molecule for treating various cancers. However, 
the molecule requires a robust delivery carrier owing to its extreme fragility. 
Antiangiogenic therapies were designed by Kim et al., where antiangiogenic siRNA 
was conjugated with nanoparticles having polyethylenimine (PEI) core and a PEG 
shell. This was employed for downregulating VEGF expression in animal tumor 
models. This system was effective in treating lung cancer systemically and locally 
[131]. Another antiangiogenic system was designed to contain docetaxel and an anti-
VEFG intraceptor, and was further decorated with RGD peptide for cell penetration. 
This combination therapy was tested in H1299 lung cancer cells and in xenografts in 
athymic nude BALB/c mice. This combination therapy resulted in a higher inhibition 
of VEGF, promoted apoptosis and arrested angiogenesis [132]. Further, nanocarriers 
were effectively used for delivering a highly hydrophobic drug, possessing known 
multitarget antiangiogenic effects. Here, albumin nanoparticles were developed 
along with polymeric micelles and were administered together. The polymeric 
micelles resulted in a strong inhibition of angiogenesis, while the albumin nanopar-
ticles demonstrated retardation of tumor growth. Thus, the dual carriers provided a 
novel combination therapy for tumor regression [133].

6  Drug Resistance in Lung Cancer

Lung cancer is often associated with unprecedented reoccurrence of the disease, 
probably due to the ineffectiveness of the therapies, most of which are associated 
with drug resistance. Most of the EGFR-mutant NSCLCs actively respond to the 
EGFR inhibitors. But, a vast majority of these tumors ultimately become resistant 
to the drug treatment. About 50% of this resistance is due to the occurrence of a 
secondary mutation in EGFR (T790M) [134–137]. The T790M mutation mostly 
occurs due to the first-generation EGFR inhibitors. This mutation is also referred to 
as the “gatekeeper” mutation [136]. Further, this mutation also triggers MET ampli-
fication, which signals through ERBB3 and is characterized by gene amplification 
of a kinase that is not a direct or downstream target of gefitinib or erlotinib [136]. 
These findings may have important clinical implications for patients who develop 
acquired resistance to gefitinib, erlotinib, and afatinib. Hence, combination thera-
pies involving MET kinase inhibitors and irreversible EGFR inhibitors have been 
recommended for patients whose tumors become resistant to gefitinib or erlotinib 
[134]. Regales et  al. have suggested that dual targeting with cetuximab and a 
second- generation EGFR TKI can effectively overcome the T790M-mediated drug 
resistance. Though the combination of afatinib and cetuximab is associated with a 
response rate of 29% (32% among patients with EGFR T790M and 25% among 
patients without it), it is associated with side effects such as substantial skin toxicity 
(20% of grade 3 or higher) and gastrointestinal toxicity (6% of grade 3 or higher) 
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[135]. AZD9291 is an oral, potent, irreversible EGFR tyrosine kinase inhibitor, 
developed by AstraZeneca that is selective for the EGFR tyrosine kinase inhibitor–
sensitizing mutations and the T790M resistance mutation. The USFDA approval 
was granted to this drug after it demonstrated efficacy in 411 NSCLC patients with 
T790M mutations, who exhibited an overall objective response rate (ORR) of 59%. 
AZD9291 is a monoanilino-pyrimidine compound that is structurally distinct from 
the other third-generation EGFR TKIs and offers a pharmacologically differentiated 
profile from the previous generation EGFR TKIs. During the preclinical studies, 
this drug has been shown to potently inhibit the signaling pathways and cellular 
growth in both EGFRm+ and EGFRm+/T790M mutant cell lines, in vitro studies. 
A lower activity against was reported with this molecule in wild-type EGFR cell 
lines, translating into profound and sustained tumor regression in EGFR mutant 
tumor xenograft and transgenic models [137].

7  Combination Therapy in Lung Cancer

Lung cancer can be activated through the upregulation of multiple receptors that are 
responsible for regulating numerous pathways and hence treatments employing 
monotherapies have been observed as largely ineffective. Thus, combinatorial ther-
apies that simultaneously target different pathways have been foreseen to be prom-
ising for treating various forms of this cancer [138]. Combination therapies rely on 
combining two or more anticancer drugs with the purpose of eliminating the cancer 
cells. Such an approach is advantageous because the drug combination acts in a 
synergistic or additive manner on the key target pathways responsible for cancer 
phenotypes.

The platinum-based chemotherapy is the first-line approach for patients with 
advanced NSCLC, which results in a median overall survival rate of 8–12 months. 
Biological molecules, such as bevacizumab and cetuximab, have led to only mod-
est differences in the survival, which has necessitated newer therapeutic paradigms 
[139]. Paclitaxel/carboplatin has been regarded as a standard drug for combination 
therapies due to their frequent usage and efficacy in NSCLC patients. Lynch et al. 
assessed the activity of ipilimumab, which is an anticytotoxic T-cell lymphocyte-4 
monoclonal antibody in patients with lung cancer. A randomized phase II study 
was conducted to compare ipilimumab along with paclitaxel and carboplatin as 
compared to the drugs combination alone [140]. The study resulted in an improved 
immune-related progression-free survival rate in patients receiving ipilimumab as 
compared to those receiving the drug combination without ipilimumab (median 
12.9 vs. 9.9 months) [139, 140]. Pirker et al. conducted a phase III study to assess 
the efficacy and safety of the EGFR-targeted monoclonal antibody, cetuximab in 
combination with cisplatin/vinorelbine (CV) and compared the effects in NSCLC 
patients receiving only CV. They found that the combination of cetuximab with CV 
resulted in superior survival of the patients with advanced EGFR-detectable 
NSCLC [141].
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Another study involved combination therapy with trastuzumab and pertuzumab 
in Calu-3 and KPL-4 xenograft models. This resulted in tumor regression and a 
complete inhibition of metastatic tumor spread in animals. Pertuzumab is a HER2 
dimerization inhibitor that binds to a different epitope on HER2 than trastuzumab 
and inhibits the formation of dimers of HER2 with other HER family members, 
such as HER3 and HER1. The combination of trastuzumab and pertuzumab demon-
strated enhanced antitumor effects and promoted tumor regression in xenograft 
models of HER2-positive breast cancer and NSCLC. Although both these agents 
could actively induce ADCC, their complementary mechanisms of action resulted 
in the significantly enhanced antitumor activity [142]. Ramalingam et al. carried out 
a phase II randomized, double-blinded, and placebo-controlled study to assess the 
efficacy of vorinostat, in combination with carboplatin and paclitaxel, as a first-line 
therapy for advanced NSCLC. Vorinostat, a histone deacetylase inhibitor, exerted 
anticancer effects by both histone and nonhistone-mediated mechanisms. A con-
firmed response rate (CRR) of 34% was recorded in 94 patients and the overall 
survival increased from 9.7 months to 13.0 months [143]. A few combination thera-
pies involving mAbs are currently in various phases of clinical trials and have been 
stated in Table 8.7.

8  Clinical Studies

Over the past decades, lung cancer has been regarded as one of the leading cause of 
cancer-related mortality in both men and women. Several mutations, like the occur-
rence of inversions in the short arm of the chromosome that juxtaposes echinoderm 
microtubule-associated protein-like 4 (EML4) with ALK and produces EML4- 
ALK–fusion tyrosine kinases, substitution of threonine at 790 to methionine 
(T790M), escaping the elimination by immune system through programmed death 
(PD-1) pathway, etc., have been commonly encountered in various phases of clini-
cal studies [155–159].

Crizotinib, a multitargeted TKI was approved by the USFDA in August 2011 for 
the treatment of advanced NSCLC.  The drug exhibited activity against c-MET, 
ALK, and ROS1 in advanced NSCLC cases that were positive for the ALK rear-
rangements. About 65–74% of the patients benefitted from this therapy and demon-
strated a median progression-free survival rate of 7.7–10.9 months [155, 160]. Other 
small-molecule TKIs, such as crizotinib, imatinib, erlotinib, and gefitinib, were also 
approved for the treatment of lung cancer. But, these drugs exhibited low cerebro-
spinal fluid (CSF)-to-plasma ratios since the central nervous system (CNS) remains 
one of the dominant sites of progressive tumor burden during chemotherapy with 
crizotinib and other molecules [155, 160]. The first-generation TKI’s, gefitinib, and 
erlotinib are reversible small-molecule ATP analog, originally designed to inhibit 
the tyrosine kinase activity of the wild-type EGFR. These were found to be most 
effective in advanced NSCLC, with a median overall survival period of approxi-
mately 19–36 months. But, these first-generation TKIs were associated with side 
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effects like skin rash and diarrhea due to the inhibition of wild-type EGFR present 
in the skin and gastrointestinal organs. Furthermore, amplification in HER2 and 
c-MET, mutation in PIK3CA and BRAF, and loss of NF1, T790M were observed as 
the most common mechanisms of resistance by the tumor cells in more than 50% of 
the patients exhibiting disease progression. The T790M mutation is believed to pro-
vide resistance against the reversible first-generation TKIs through steric hindrance 
and increased affinity toward ATP. The second-generation, irreversible EGFR TKIs, 
such as afatinib and dacomitinib, have proven effective against untreated, EGFR 
mutant lung cancer. But, as a monotherapy, they have failed to overcome the T790M-
mediated resistance in patients, because the concentrations at which these irreversible 
TKIs overcome the T790M activity in preclinical trials cannot be achieved in humans 
due to the dose-limiting toxicity related to the nonselective inhibition of the wild-type 
EGFR. AstraZeneca (Macclesfield, UK) developed an oral, third-generation, irrevers-
ible, small-molecule inhibitor (AZD9291) to target the T790M-resistant mutant forms 
(EGFRm+) with selectivity over the wild-type EGFR.  AZD9291 has a chemical 
structure distinct from the other third-generation TKIs, WZ4002 and CO-1686. This 
drug acts by binding to the EGFR kinase and targeting the cysteine-797 residue in the 
ATP-binding site through the formation of an irreversible covalent bond. In the phase 
I of clinical trials, the drug was found to be 200 times more potent against the T790M 
mutant than the wild-type EGFR [156].

Several next-generation ALK inhibitors that are more potent than crizotinib, 
have entered various clinical studies and can overcome the most common mutations 
conferring resistance to ALK such as Leu1196Met. Among the eight next- generation 
ALK inhibitors that have entered the clinical trials, three molecules, namely, ceri-
tinib, alectinib, and brigatinib have demonstrated a robust activity in patients with 
ALK-positive NSCLC. Alectinib has also shown its antitumor activity in patients 
resistant to crizotinib. 125 subjects were screened during a phase II study in patients 
with NSCLC, wherein 87 ALK-positive candidates whose disease progressed after 
crizotinib, were enrolled. The results of this study showed that alectinib was effec-
tive in patients suffering from ALK-positive NSCLC and was well tolerated, result-
ing predominantly in grade 1 or 2 adverse events with improved quality of life. 
Alectinib also exhibited several potential advantages in terms of both efficacy and 
tolerability. The median duration of response was prolonged with alectinib 
(13.5 months) as compared to ceritinib (8.2 months) and brigatinib (9.3 months), 
respectively. Thus, patients who did not respond to the treatment with crizotinib 
could be treated with the aforementioned ALK inhibitors, alectinib also resulted in 
intracranial disease control in 85% and 56% of the patients, at 12 and 24 weeks, 
respectively [160].

Apart from the mutations occurring in lung cancer, tumors can also escape elimi-
nation by the immune system through the activation of inhibitory feedback loops 
(also known as immunological brakes), which are essential to avoid autoimmune 
events, and can thus bypass tumor rejection and T-cell activation. The PD-1 and 
B7.1, also known as CD80 receptors, follow this inhibitory pathway and their activa-
tion has been observed in several cancer types including the lung cancer [157–159]. 
Nivolumab is a fully human, IgG4 immune checkpoint inhibitor antibody, which 
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binds to the PD-1 receptors on activated immune cells and thereby inhibits its inter-
action with PD-L1 and PD-L2 ligands. This event attenuates inhibitory signals and 
promotes antitumor responses by the host. A phase II clinical study employing 140 
patients was conducted, in which, 117 (84%) patients were treated with nivolumab 
(Bristol-Myers Squibb, Princeton, NJ, USA), as an injectable solution (100  mg; 
10 mg/mL) for a period of 100 days. Patients received nivolumab as an intravenous 
infusion at the concentration 3 mg/kg, every 2 weeks (1 cycle) until the disease pro-
gression or unacceptable toxic effects appeared. Nivolumab showed activity in 
patients with advanced, refractory, and squamous NSCLC and was associated with a 
manageable safety profile [157].

An early phase clinical trial was initiated with an engineered, humanized IgG1 
monoclonal anti-PD-L1 antibody, atezolizumab (MPDL3280A; F Hoffmann-La 
Roche/Genentech). This antibody acts by blocking PD-L1–PD-1 and PD-L1–B7.1 
interactions, which results in the overhauling of T-cell activity and enhancing T-cell 
priming. POPLAR, a multicenter, randomized, open-label, all comer phase II trial, 
was carried out at 61 academic medical centers and community oncology practices, 
across 13 countries in Europe and North America. It was primarily designed to 
investigate the efficacy and safety of atezolizumab versus docetaxel as the second- 
line and third-line treatments in NSCLC, and to further assess the predictive value 
of PD-L1 expression level in tumor cells and tumor-infiltrating immune cells. 
Accordingly, patients received intravenous atezolizumab (1200 mg fixed dose) or 
docetaxel (75 mg/m2) every 3 weeks, on day 1 of each 3-week cycle. Docetaxel was 
given until disease progression or unacceptable toxicity was observed. No docetaxel- 
to- atezolizumab crossover was allowed. Results indicated that patients with either 
squamous or nonsquamous NSCLC showed significant improvement in their over-
all survival upon treatment with atezolizumab as compared with patients who 
received docetaxel. Also, atezolizumab was well tolerated and exhibited a safety 
profile that was consistent with the previous studies [158].

Further, a combination of immunotherapy and chemotherapy was evaluated for its 
potential to synergistically improve the anticancer activity of the individual drugs. 
Currently, the standard first-line therapy for patients with advanced nonsquamous 
NSCLC is platinum-doublet chemotherapy. With the exception of bevacizumab, the 
addition of a third agent to the platinum-doublet chemotherapy has not improved the 
progression-free or overall survival rate as compared to the platinum- doublet chemo-
therapy alone in randomized studies. A study was carried out with pembrolizumab, a 
humanized, monoclonal antibody against PD-1 that prevents PD-1 from binding to its 
ligands, PD-L1 and PD-L2. A randomized KEYNOTE-021, phase II study was car-
ried out at 26 academic medical centers in the USA and Taiwan, in patients with 
chemotherapy-naive, advanced nonsquamous NSCLC. A combination of pembroli-
zumab and pemetrexed was administered to the patients, wherein the subjects received 
four cycles of pembrolizumab (200 mg), over 30 min. Further, the chemical drug, 
pemetrexed was administered at a concentration of 500 mg/m2 over 10 min, and car-
boplatin at a dose of 5 mg/mL per min was administered over 15–60 min, intrave-
nously every 3 weeks in the order listed, followed by pembrolizumab for 24 months 
and optional indefinite pemetrexed maintenance therapy. 123 (56%) patients from the 
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USA and Taiwan met the eligibility criteria and were randomly distributed for 
different treatment regimes. 60 patients (49%) were treated with pembrolizumab 
along with carboplatin and pemetrexed, while 63 patients (51%) were treated with 
carboplatin and pemetrexed alone. Addition of pembrolizumab to carboplatin and 
pemetrexed followed by pembrolizumab for 2  years and indefinite pemetrexed 
maintenance therapy significantly improved the proportion of patients who achieved 
an objective response as compared to those receiving carboplatin and pemetrexed 
alone. The median progression-free survival time in the pembrolizumab plus 
chemotherapy group was 13 months, while the progression-free survival recorded 
in the chemotherapy group was 8.9 months [159].

9  Conclusion

Lung cancer has been a long-term challenge and still demands newer treatment 
modalities for its eradication. Availability of safe and effective treatment options 
has been hampered due to drug resistance and concurrent mutations at various 
levels. However, research over decades has offered various therapies that have 
yielded promising results in preclinical and clinical trials. Today, our understand-
ing about cancers has reached greater depths and has enabled the prognosis of vari-
ous cancer types. A greater understanding of the molecular biomarkers of lung 
cancer as well as an in-depth understanding of specific receptors overexpressed in 
this form of cancer will enable the provision of personalized therapies for eradicating 
this dreadful disease.
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Chapter 9
Role of Chemokines and Chemokine 
Receptors in Infectious Diseases 
and Targeting Strategies
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Abstract Chemokine receptors, a family of G-protein-coupled receptors (GPCRs), 
bind in a specific manner to chemokines and elicit cellular responses. Their involve-
ment in inflammatory diseases is predominant. Although the main function of che-
mokine receptors is enrolment of leukocytes at the site of inflammation, they are 
also widely explored as drug discovery targets. This is due to the fact that blockage 
of chemokine receptor may provide novel therapeutic interventions. This chapter 
discusses the various chemokine receptors, involvement of chemokine receptors in 
the pathogenesis of various diseases, and receptor-mediated strategies to tackle such 
afflictions.
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CD4 Cluster of differentiation 4
CHO Chinese hamster ovary
CM Cerebral malaria
CNS Central nervous system
COPD Chronic obstructive pulmonary disease
DAG Diacylglycerol
DARC Duffy antigen receptor for chemokines
EBV Epstein–Barr virus
ELC EBI1 ligand chemokine
GCP Granulocyte chemotactic Protein
GDP Guanosine diphosphate
GPCR G-protein-coupled receptors
GTP Guanosine triphosphate
GvHD Graft versus host disease
HCMV Human cytomegalovirus
HIV Human immunodeficiency virus
HIVE HIV encephalitis
HSV Herpes simplex virus
IBD Inflammatory bowel disease
IC 50 inhibitory concentration 50
IFN Interferon
IL-1/IL-8 Interleukin
I-TAC interferon-inducible T-cell alpha chemoattractant
LPS Lipopolysaccharide
MCP Monocyte chemotactic/chemoattractant protein
MIG monokine induced by gamma interferon
MIP1α/1β Macrophage inflammatory protein
mRNA Messenger ribonucleic acid
MTC Medullary thyroid carcinomas
NAP Neutrophil-activating peptide
NK Natural killer
PIP2 Phosphatidylinositol 4, 5-biphosphate
PLC Phospholipase C
PLGA Polylactic-co-glycolic acid
PM Placental malaria
PTC Papillary thyroid carcinomas
RA Rheumatoid arthritis
RANTES Regulated on activation normal T-cell expressed and secreted
RR-MS Relapsing–remitting multiple sclerosis
SDF Stromal-derived Factor
SDP Spirodiketopiperzine
SLC Secondary lymphoid tissue chemokine
TECK Thymus-expressed chemokine
Th2 T lymphocytes
TxP Threonine x proline
WNV West Nile virus
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1  Introduction

Chemokines are secretory and transmembrane proteins which are structurally 
related, and whose main functions are to recruit leukocyte populations employing 
specific receptors into the target. Based on their function chemokines can be classi-
fied into two major classes, inflammatory chemokines and immune chemokines. 
Inflammatory chemokines attract and activate monocytes and neutrophils, thereby 
playing a major role in inflammatory conditions that are acute [1]. Promiscuity of 
the receptor and significant redundancy of ligands, which is their major characteris-
tic, facilitates recruitment of inflammatory cells in severe conditions. The immune 
chemokines play a significantly different role by attracting dendritic and lymphoid 
cells reflecting their involvement in immune reactions and inflammatory diseases 
which are chronic. This suggests their great promise and involvement in the therapy 
of immunological and inflammatory diseases [2]. The receptor has also been studied 
for therapeutic applications through targeted drug delivery strategies. This chapter 
discusses chemokine receptors, importance and targeted drug delivery strategies, 
and their potential clinical applications.

2  The Chemokine Receptors

Chemokines are small signaling peptide molecules with molecular weight 8–10 kDa 
secreted by the cells of the immune system in the presence of endogenous stimuli 
like IFN, IL-1, and tumor necrosis factor (TNF) and external stimulus like bacterial 
lipopolysaccharide (LPS) or viruses [3]. These chemokines cause migration of 
immune cells and help in recruiting them to the site of action through a variety of 
mechanisms. The process by which activated immune cells move toward the site of 
infection is called chemotaxis, that is, the movement of cells in response to chemi-
cal stimuli. Chemokines are therefore chemotactic cytokines comprising of >50 
small secretory proteins that exhibit their effect on target tissues by interacting with 
seven heterotrimeric transmembrane (7TM) spanning GPCR family [4]. Chemokine 
receptors present on the surface of immune cells that interact with chemokine, a 
type of cytokine, are also known as cytokine receptors [5]. They belong to the large 
family of GPCR which includes receptors for inflammatory mediators, neurotrans-
mitters, paracrine substances, odorant molecules, calcium ions, proteinases, hor-
mones, and even photons [6].

Immune cells such as leukocytes primarily express chemokine receptors. 
Chemokines bind to GPCR giving rise to responses such as change in conformation 
in the receptor, triggering intracellular events that drive cell polarization, migration, 
and adhesion. This results in the induction of homing and leukocyte trafficking [7]. 
There are two major classes of chemokine receptors, namely, (CC) containing adja-
cent cysteines and (CXC) containing cysteines separated by amino acid. The CC 
receptors bind to CC chemokines and are named CCR1 to 9, and the CXC 
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 chemokines selectively bind to the CXC receptors termed CXCR1 to CXCR5. The 
Duffy antigen chemokine receptor (DARC) is known to bind both CXC and CC 
chemokine receptors as illustrated in Table 9.1 [3, 8–10]. Inflammatory mediators 
such as basophils, eosinophils, macrophage, and dendritic cells primarily express 
CC chemokine receptors, neutrophils mainly express CXC chemokine receptors, 
whereas lymphocytes express both CC and CXC types of cytokines receptors. 
Another study has shown that chemokine receptors that have been differently 
expressed cause nonimmunogenic antigens to become immunogenic. This “differ-
ently expressed” receptor is in fact the fusion of chemokine with antigen-presenting 
cells [11]. Chemokine targeting is now seen as a novel target for the treatment of 
atherosclerosis. This may be possible due to interference with disease progression 
at a particular stage of disease [12].

Table 9.1 Chemokine receptor classification and various ligands

Class Subtype Ligands Expression on cells

CC CCR1 MIP-1α, RANTES, MCP-2, 
MCP-3

Immature DC, mesangial cells

CCR2A/B MCP-1, MCP-2, MCP-3, 
MCP-4, IL-2, IL-10

Immature DC, endothelium, fibroblast

CCR3 Eotaxin, eotaxin 2, RANTES, 
MCP-3, MCP-4, MIP-5

T(Th2), eosinophils, basophils, 
macrophage, dendritic cells

CCR4 TARC, MDC T(Th2), basophils, immature dendritic cells
CCR5 MIP-1α, MIP-1β, RANTES, 

MCP-2, MIP-1, IL-10
NK cells, thymocyte, dendritic cells

CCR6 LARC, MIP-3 α, IL-2 T cells, B cells, immature dendritic cells
CCR7 ELC, SLC T cells, B cells, dendritic cells
CCR8 I-309 Neutrophils, thymocyte, T cells, B cells
CCR9 TECK T thymocyte, dendritic cells

CXC CXCR1 IL-8, NAP-2, ENA-78, GCP-2 Neutrophils, T cells, NK cells, mast cells, 
macrophage, dendritic cells, fibroblasts

CXCR2 IL-8, GROα, GROβ, GROγ, 
NAP-2, ENA-78, GCP-2

Monocytes, lymphocytes, neutrophils, 
T cells, eosinophils, endothelium

CXCR3 MIG, IP-10, I-TAC, eotaxin, 
SLC

Neutrophils, Th1, dendritic cells, 
eosinophils

CXCR4 SDF-1 Neutrophils, B cells, dendritic cells, 
macrophage, astrocyte

CXCR5 BCA-1/BCL-1 T cells, mature B cells
C XCR1 Lymphotactin T cells
CX3C CX3CR1 Fractalkine Neutrophils, macrophage, T cells, NK 

cells, monocyte, neurons, dendritic cells
D6 MIP-1, RANTES, MCP-1 Alveolar macrophage, innate like B cells

Duffy DARC
(ACKR1)

IL-8, NAP-2, GRO, I-309, 
RANTES, MCP-1

Erythrocytes, endothelial cells, T 
lymphocytes
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2.1  CXCR1 and CXCR2

CXCR1 receptor contains 350 amino acids, N-terminal domain-containing N-linked 
glycosylation site and all other features similar to that of a 7TM GPCR. IL-8, a CXC 
chemokine shows high affinity toward CXCR1 and CXCR2 [13]. CXCR1 binds to 
neutrophil-activating peptide 2 (NAP-2), granulocyte chemotactic protein 2 (GCP- 
2), and epithelial neutrophil-activating peptide 78 (ENA-78) with low affinity, while 
binding to IL-8 is highly selective. Growth-related oncogene family are the addi-
tional chemokines which bind to CXCR2 [14]. IL-8, a potent chemoattractant, dis-
plays its role in acute inflammation by activating CXCR2 and CXCR1 expressed on 
the surface of neutrophils [15]. Literature reports in vitro production of IL-8 by vari-
ous cells like keratinocytes, fibroblasts, mast cells, neutrophils, monocytes, endo-
thelial cells, and macrophages [16, 17]. CXCR1 and CXCR2 are expressed in all 
cell types including CD56+ NK cells, some CD8+ T cells, mast cells, monocytes, 
and granulocytes. Neutrophils express equal amount of CXCR1 and CXCR2, while 
expression of CXCR2 is predominant in monocytes and positive lymphocytes com-
pared to CXCR1. TNF and LPS are known to downregulate expression of both 
CXCR1 and CXCR2 upon activation of tyrosine kinase-dependent signaling path-
way. On the contrary, CXCR1 and CXCR2 expression is upregulated by bacterial- 
derived molecule fmlp and granulocyte colony-stimulating factor [18, 19].

2.2  CXCR3

CXCR3, a member of CXC chemokine receptor family whose primary role is in 
T-cell trafficking, is expressed majorly on effector T cells. It shares 41% similar 
amino acids to that of CXCR1 and CXCR2 receptors [20]. CXCR3 shows high 
expression of Th1-type CD4+ T cells, effector CD8+ T cells. Three interferon- 
inducible ligands activating CXCR3 are CXCL9 which is also referred as monokine 
induced by gamma-interferon or MIG, CXCL10 referred as interferon-induced pro-
tein of 10 kDa or IP-10 and I-TAC, that is, interferon-inducible T-cell alpha che-
moattractant, or CXCL11. It is also worth noting that dendritic cells of plasma and 
subset of B cells show CXCR3 expression which could play a critical role in favor-
ing their movement into inflamed lymph nodes [21].

2.3  CXCR4

The stromal-derived factor 1 (SDF-1) which is a CXC chemokine, attaches to 
CXCR4 and activates it leading to stimulation of cellular migration and polymeriza-
tion of actin in a dose-dependent manner. It has been recently reported to be a vital 
HIV-1 coreceptor. SDF1α is a highly promising lymphocyte chemical attractant 
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which also inhibits CD4+ permissive HIV-1 infection depending on CXCR4 
expression pattern. A recent study suggests IL-4 causes overexpression of CXCR4 
on resting T cells, while T-cell stimulation by CD28, CD3, and CD2 causes its 
downregulation [22, 23].

2.4  CXCR5

CXCR5 also known as Burkitt’s lymphoma receptor 1 (BLR1) is a 7TM domain G 
protein-coupled receptor which under normal conditions shows predominant 
expression by follicular helper T cells and mature B cells and controls their migra-
tion in the secondary lymphoid organs. CXC chemokine CXCL13 binds to CXCR5 
and causes activation of multiple intracellular signaling pathways which regulates 
cellular functions like cell proliferation, survival, and migration [24].

2.5  XCR1

The receptor for lymphotactin is XCR1. This receptor is expressed strongly in pla-
centa and weakly in spleen and thymus, which correlates with the expression of 
lymphotactin in these tissues.

2.6  CX3CR1

A CXC chemokine called as fractalkine is known to bind CX3CR1 chemokine 
receptor. Fractalkine, a glycoprotein attached to membrane with the chemokine, 
appears perched on an elongated mucin-like strand. CX3CR1 shows high-affinity 
binding with fractalkine [25]. In the bound form, fractalkine promotes adhesion of 
monocytes, T lymphocytes, natural killer cells to dendritic, endothelial, and epithe-
lial cells [26].

2.7  CCR1

A cytomegalovirus protein, US28, binds to CCR1 receptor. CCR1 receptor is 33% 
homologous to the 7-transmembrane protein US28 [27]. Expression of CCR1 
receptor causes increase in the F actin content, inhibition of cAMP formation, and 
basal migration of leukocytes. CCR1 receptor responds to binding of MIP-1a, 
MCP-2, RANTES (regulated on activation normal T-cell expressed and secreted), 
along with MCP-3 show specific binding toward HCC1 and CK8b. T-cell 
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expression of chemokine receptor was induced by IL-2 and IL-15, whereas selective 
upregulation of CCR1 in human monocytes was facilitated by IL-10 [28].

2.8  CCR2A and CCR2B

Charo et al. produced two clones of CCR2 receptor, that is, CCR2A and CCR2B. 
Structurally CCR2A and CCR2B contain similar transmembrane and 58 untrans-
lated regions but they differ in their C-terminus. A 36% similarity was observed 
between carboxy tail of CCR1 and CCR2B, whereas CCR2A bears no such similar-
ity [29]. Lipopolysaccharide and IFN-γ have been reported to decrease expression 
of CCR2 receptors, whereas IL-2 causes increased expression. Expression of 
CCR2 in monocytes is enhanced by IL-10 [30].

2.9  CCR3

Eotaxin and eotaxin-2, two CC chemokines, represent the primary ligands for the 
7TM GPCR CCR3 and bind them with greatest affinity hence, serve as predominant 
eosinophil activators which represent a variety of pathological conditions like hype-
reosinophilic syndrome asthma and urticaria [31, 32]. Thus, CCR3 plays a central 
role in controlling eosinophil migration. CCR3 has been reported in progressing M 
tropic HIV-1 infection of permissive cells in conjunction with CD4. CCR3 receptor 
shows 63% resemblance to CCR1 and 51% to CCR2B and is involved in binding of 
several CC chemokines. Chemokines which show specific binding toward CCR3 
receptor includes MCP-4, RANTES, eotaxin, MCP-3, eotaxin-2, and MIP-5, which 
altogether are important in eosinophil recruitment and activation [33, 34].

2.10  CCR4

CCL17 or the thymus and activation-regulated chemokine and a macrophage- derived 
chemokine CCL22, both CC chemokine ligands bind specifically to CCR4. These two 
chemokine ligands are known to selectively activate CD4+ Th2 T lymphocyte. T-cell 
receptor and CD28 predominantly enhance expression of CCR4 on Th2 cells [35, 36].

2.11  CCR5

CCR5 shows affinity toward CC chemokines RANTES, MIP-1, MCP-2, MIP-1α, 
and MIP-1β [37]. CCR5 shows resemblance to CCR2B receptors with 71% identi-
cal amino acids. R5 strains of the human immunodeficiency virus (HIV-1 and -2) 
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enter permissive cells aided by CCR5 as co-receptor in association with CD4. IL-10, 
an immunosuppressive and anti-inflammatory cytokine, causes upregulation of 
CCR5 in human monocytes by activation of MAP and STAT kinases [38, 39].

2.12  CCR6

CCR6 receptor shows selective affinity toward LARC (liver and activation- regulated 
chemokine) and macrophage inflammatory protein (MIP)-3α//Exolus-1/CCL20 
[40]. B-lymphocytes, memory T cells, and dendritic cells show CCR6 expression, 
while peripheral blood leukocytes do not. IL-2 has been reported to cause upregula-
tion of CCR6 mRNA [41]. However, contradictory results have been reported [42]; 
hence, the expression is not completely elucidated.

2.13  CCR7

CCR7 shows activation upon binding of a CC chemokine ligand CCL21. Dendritic 
cells and lymphocytes express CCR7 in lymph node, the site for medullary (MTC) 
and papillary thyroid carcinomas (PTC). T- and B-lymphocytes and dendritic cells 
show CCR7 expression. CCR7 is highly upregulated in herpesvirus-infected T cells 
and B cells infected with Epstein–Barr virus [43].

2.14  CCR8

I-309, a CC chemokine, is the only ligand which binds to CCR8. Monocytes and T 
lymphocytes are mainly activated by I-309 [44]. Type 2 T lymphocyte (Th2)-
polarized cells show preferential expression of CCR8 receptor thus postulating that 
Th2 responses are mainly restricted to CCR8. CCR8 in association with CD4+ acts 
as a coreceptor for chemokine ligand I-309 of M tropic HIV-1 strains and is reported 
to be a binding and fusion inhibitor of HIV-1 [45].

2.15  CCR9

CCR9 is the recently identified chemokine receptor specific for the β chemokine 
thymus-expressed chemokine (TECK)/CCL25 [46]. Activation of dendritic cells 
and thymocytes by TECK indicates the role played by this CC chemokine in T-cell 
development [47]. Expression of CCR9 receptor is predominant in thymus, whereas 
lymph node and spleen show relatively less expression of this receptor [48].
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2.16  D6

D6 receptor lacks intracellular signaling on binding of ligand and therefore it appears 
to be nonfunctional [49]. Monocyte chemoattractant protein (MCP-1 and -2) binds 
to D6 with high affinity, whereas some researchers reported the receptor to be pro-
miscuous due to its ability to bind several chemokines with similar affinity [50].

2.17  Duffy Antigen Receptor for Chemokines (DARC)

DARC shows affinity toward both CC chemokine and CXC chemokine ligand 
MCP-1 and IL-8. Other ligands include MCP-3, MCP-4, GRO-α, RANTES, I-309, 
and eotaxin [51]. DARC is primarily involved in the pathogenesis of malaria. It 
shows predominant expression on erythrocytes but has also been detected on the 
capillary endothelium of kidney and spleen. CXCL8-binding proteins have proper-
ties similar to human erythrocyte blood group antigen known as duffy that facili-
tates entry of Plasmodium vivax to the malarial parasite. Duffy antigen displays 
promiscuity to CC and CXC chemokines. Based on these findings, duffy antigen 
DARC was renamed as atypical chemokine receptor 1 (ACKR1). Also, binding of 
chemokine to DARC caused inhibition of Plasmodium vivax infection [52].

3  Chemokine Receptor in Pathogenesis of Diseases

Chemokine receptors participate in the progression of various diseases either by 
causing overexpression of the receptors or by facilitating access of virus into the 
target tissues to develop infection. They take part in leucocyte trafficking, recircula-
tion, and recruiting. The chemokine receptor redundancy allows specific receptor to 
bind several chemokines signaling through 7 TM GPCR. Infectious diseases like 
malaria and HIV have been shown to use chemokine receptors as entry receptors 
and coreceptors, respectively. Studies showing the genetics of these receptors and 
their significance in the pathogenesis of infectious diseases have been possible due 
to the genetic mutations in these receptor genes that encode the entry receptors for 
the two pathogens [53].

3.1  Chemokine Receptors as Virus Entry Mediators in HIV 
Infection

An interesting finding with respect to HIV infection is the fact that leukocyte recruit-
ment and its regulation is central to the process [54].
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HIV envelope proteins interact with CD4+ cell surface receptor to ensure effi-
cient binding of virus. The conformational changes in the virus envelope are seen 
upon interaction with the CCR5 and CXCR4 coreceptors to produce fusion between 
the viral and cell membrane of the host [55]. Different coreceptors used by different 
HIV 1 isolates help understand their biological variability. Discovery of coreceptors 
has caused the change in the nomenclature of the HIV strain [56]. HIV virus strain 
using CXCR4 as coreceptor are named as X4, strains which involve CCR5 as core-
ceptor are named as R5, whereas strains which use both the receptors are named as 
X4R5 virus strains. In progressive stages of AIDS, large percentage of T cells express 
CXCR4 than CCR5 which allows more cells to be infected and destroyed [57].

Stromal cell-derived factor 1 (SDF-1) exhibits affinity for CXCR4, whereas 
RANTES, MIP-1 beta, and MIP-1 alpha which belong to β chemokine family are 
ligands for CCR5, MCP-5 promotes binding of (MCP-1) to CCR2. Eotaxin 1 and 2, 
MCP-4, and MCP-3 readily bind to CCR3. Thus, R5 strain of virus can be inhibited 
by ligands which bind CCR5. SDF-1 acts as a specific inhibitor of CXCR4. Hence, 
chemokine receptor expression in a specific cellular type can be coined as inducible 
or constitutive [58]. RANTES, MIP-1alpha, and MIP-1beta, the ligands of CCR5, are 
known to inhibit HIV-1 infection. In a particular study, a chemokine selective for 
eosinophil was isolated from allergen-challenged guinea pigs and was called “eotaxin.” 
This eotaxin has two crucial roles that it allows for recruitment of eosinophils at the 
local site and also enhances movement of eosinophils of the bone marrow [59].

Eotaxin’s receptor is CCR3. Eotaxin has been known to be a selective ligand for 
CCR3 but it can also interact with CCR2 and CCR5. Eotaxin is expressed on eosin-
ophils, basophils, and Th2 lymphocytes. It has been understood from a study that 
eotaxin has antagonistic effect on CCR3. In addition, it has been shown eotaxin is a 
CCR2 antagonist [30]. A study indicated that eotaxin-3 has modulatory function 
and not inflammatory as suggested previously [60].

3.2  Malaria

Malaria, a severe parasitic infection of Plasmodium species, the most common 
being P. falciparum, is easily transmitted to humans hosts by the female anopheles 
mosquito. Species of the Plasmodium family that can cause malaria include P. falci-
parum, P. malariae, P. ovale, and P. vivax. Progression of the disease is mainly regu-
lated by RANTES expression [61]. A study has shown that RANTES levels were 
upregulated at the peak of malarial infection in mouse. Hence, it was concluded that 
RANTES mediates inflammation that is a crucial part of malarial pathogenesis or in 
other words, the leukocyte recruitment helps in the pathogenesis of the disease. The 
leukocytes are recruited by chemokines and their receptors [62]. It was also shown 
that CCR1, CCR3, and CCR5 the receptors for RANTES which are expressed by 
macrophages, basophils, etc., also have a role in malaria upregulation.

In case of cerebral malaria (CM), the blood–brain barrier is affected causing 
the release of chemokines and variety of inflammatory cells inside the brain [63]. 
As mentioned before, CCR1, CCR3, and CCR5 have been implicated in the 
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progression of malaria. According to a study, CCR2 does not play any role in the 
development of CM (caused by P. falciparum) [64].

Another way to look at the CM pathogenesis is to see the CD8+ T-cell prolifera-
tion and activation that causes cerebral damage. These CD8+ T cells are activated 
via chemokine receptors such as CCR5 and CXCR3. CCR5 that binds CCL3, 
CCL4, and CCL5 is revealed as a potent chemoattractant for CD8+ T cell. A study 
has shown that CCR5 deficiency reduces the likeliness of CM occurrence [65]. 
CXCR3 has also been given attention and in a study, mice lacking CXCR3 were 
seen less likely to be suffering from CM with fewer T cells implying that lesser 
chemokine production did not lead to recruitment of T cells. Interestingly, the same 
study concluded that mice with CM showed increased release of chemokines that 
bind to CXCR3 [66]. Furthermore, a study illustrates that in the mice with CM, NK 
cells aid in enhanced recruitment of CXCR3+ T cells [30]. CXCR3 knockouts were 
protected remarkably from CM, hence confirming the important role of CXCR3 in 
CM. Continuing on CXCR3, a study suggested that CXCR3 and its ligand CXCL9 
recruit T cells [67].

An interesting finding by a study conducted in 1998 was interaction between 
HIV and malaria [68]. It was later shown that placentas of malaria-infected mothers 
often contain macrophages in a high concentration [69]. A study concluded that the 
coinfection state in pregnant Malawi women could be linked to CCR5 expression 
(in turn, the macrophages recruited by them) which led to higher malarial parasit-
emias as well as the fact that it was associated with HIV infection [70].

In yet another coinfection study of two Plasmodium species, it was found that the 
coinfection state led to reduced levels of chemokine receptor and its ligands leading 
to lesser accumulation of CD8+ T cells, and hence prevents CM in such mice. A 
study with children suffering from acute malaria showed that there is dysregulation 
of the CC chemokines that is MIP-1alpha and MIP-1beta levels were high, while 
RANTES level was low at the mRNA and protein level [71].

Looking at another major type of malaria, the placental malaria (PM), a study 
wherein the investigators tested the chemokine concentration in placental intervil-
lous blood plasma of four different types, that is, {HIV+ PM+/PM−, HIV− PM+ 
PM−} found that MIP-1beta (belonging to chemokine CC subfamily) was higher in 
PM+ women than in HIV+ PM- and was not related to their HIV status. The MIP- 
1alpha levels were invariable though [72]. CCR5 being a coreceptor for macrophage- 
trophic HIV-1, it can be concluded that CCR5 upregulation can indeed be used in 
treating coinfection of HIV and PM. A study suggests that CCR3 and CCR5 both 
help/promote infection of HIV-1 in the central nervous system [73].

3.3  Atherosclerosis

There exists comprehensive literature on the role of chemokines in atherosclerosis 
(AS) and presently, several in vivo studies have suspected the involvement of sev-
eral chemokine ligands and receptors in the process of AS [74]. AS is a disease that 
is known to cause high fatality worldwide. It was known that CCR5 had a role to 
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play in AS but what effect it had was clearly assumed only after a study that stated 
that CCR5 expression is usually upregulated during AS plaques [75]. CCR1 and 
CCR5 have been known to bind to those cell types that are associated with 
AS. RANTES, CCL3, and CCL4 have been present in monocytes/macrophages/
Th1 that have implications in the disease. Met-RANTES is an antagonist for 
RANTES which is a peptide receptor. This Met-RANTES has been studied in mice 
and has shown reduction in AS-related lesions. Earlier reports have been tentative, 
as reports have said that CCR5 deletion led to decline in the formation of atheroscle-
rotic lesions. Another study stated that mice with CCR5 deletion enhanced the 
plaque quality but had no effect on its size. Thus, a study was performed to give a 
conclusion to the same and it was found that deficiency in CCR5 protected the cells 
against the formation of lesions and the accumulation of cells that was associated 
with the disease. It has been reported that genetic deletion of CX3CR1 and CCR2 
decreases AS [76].

3.4  Miscellaneous

The chemokine receptor plays an important role in various other ailments. The same 
is summarized in Table 9.2 [28, 77–83].

4  Chemokine Receptor Structure

Chemokine receptors, a superfamily of GPCR, are known to bind chemokines in a 
specific manner and to elucidate a cellular response. They are membrane-bound 
molecules comprising of parallel strands of 7TM domain that couple with G pro-
teins. Literature reports 18 human chemokine receptors till date. Due to their pro-
miscuous nature, certain CXC chemokines show selective binding toward CXCR1 
to CXCR5 receptors. In addition, nine receptors (CCR1 to CCR9) belong to CC 
chemokine receptor family. CX3CR1 and CXCR1-specific chemokine, Fractalkine 
has been identified. DARC binds indiscriminately to both CC and CXC chemokine 
[84]. A schematic representation of a chemokine receptor is illustrated in Fig. 9.1.

4.1  Structural Requirements for Chemokine Receptor Binding

4.1.1  Cysteine

The presence of cysteine residue on the extracellular loop is essential for proper 
alignment of the receptor on the cell membrane to ensure receptor signaling [85]. 
Out of the four conserved cysteine residues, one is present on the N-loop and other 
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three on each of the three extracellular loops. Formation of disulfide bond on loop 1 
and 2 is a prerequisite to elicit a cellular response. Formation of disulfide bond 
between N-loop and extracellular loops of CCR6 receptor is absent. However, in 
CCR5, all four cysteines are essential for functioning of chemokine receptor [86].

4.1.2  Sulfated Tyrosine

The HIV progression is initiated by the presence of sulfated tyrosine in the N-terminal 
loop. Posttranslational sulfation of tyrosine in Golgi apparatus affects ligand-binding 
affinity of chemokine receptors. CCR5 receptor exists in two forms, namely, sulfated 
and nonsulfated CCR5 based on the presence and absence of sulfated tyrosine. 
Interaction of N-loop of CCR5 containing sulfated tyrosine with the HIV envelope 
protein gp120 facilitates the progression of HIV infection, whereas entry of HIV 
virus is restricted in nonsulfated N-loop due to the absence of interaction with CD4 
complexes/gp120 thus causing inhibition of binding and fusion [87].

4.2  Chemokine Receptor Activation and Signaling

Chemokine receptors are stimulated by several ligands, demonstrating that activation 
is not necessarily due to similar modes of ligand binding but due to similar molecular 
mechanisms. Though some chemokine receptors show monogamous binding to their 
ligand, majority of them show promiscuous binding which is however restricted to 
the same chemokine class [88].

Fig. 9.1 Schematic representation of a chemokine receptor depicting receptor activation and 
signaling (MAPK Mitogen-activated protein kinases, DRY Asp-Arg-Tyr motif)
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Upon binding of chemokine ligand to the chemokine receptor conformational 
changes occur in the 7TM domain of the receptor, thereby triggering downstream 
processes by heterotrimeric (αβγ) G proteins bound to the intracellular loops which 
in turn leads to activation of intracellular signaling [89, 90]. In an inactive state, G 
alpha subunit is attached to guanosine diphosphate (GDP) which contains a GTPase 
domain which promotes hydrolysis and binding of guanosine triphosphate (GTP). 
Exchange of GDP for GTP takes place which ultimately causes cleavage of the G 
alpha subunit from the βƳ subunit of the heterotrimer upon activation of receptor by 
the ligand. The G alpha subunit then interacts with the Gβγ subunit in heterodimer. 
The dimer can act as an inhibitor for Gα because it facilitates interaction between 
Gα and GDP. Gα subunit then dissociates from Gα-GTP and Gβγ heterodimer com-
plex of which the latter participates in the signaling cascade [2, 91–93]. G alpha 
subunits are of four types depending on their sequence and function. Phospholipase 
C (PLC) is stimulated by Gαq to facilitate intracellular Ca+ mobilization, membrane- 
associated enzyme phospholipase C2 (PLC2) is activated by the Gβγ heterodimer 
which hydrolyzes phosphatidylinositol 4,5-bisphosphate (PIP2) resulting in the for-
mation of two products intracellularly, namely, inositol 1,4,5-trisphosphate (IP3) 
and diacylglycerol (DAG). Calcium from intracellular stores is triggered by IP3, 
while DAG can also activate protein kinase C (PKC) isoforms among other targets 
[94]. PKC stimulation eventually leads to physiological response. There are exten-
sive reports suggesting downstream signaling of low molecular weight Rho and Ras 
proteins, tyrosine kinase, phosphatidylinositol 3-kinase, phospholipase A2, and the 
MAP kinase pathway. The signaling event involves phosphorylation of amino acid 
residues of threonine and serine in the carboxy loop of the receptor by GPCR 
kinases sequestration of receptor by internalization [95–97]. The nature of the 
ligand dictates the conformation changes which are likely to occur on the exterior 
of the receptor. As the chemokine ligands are large molecules, the shift in 7TM 
domain which occurs due to binding of ligand is different from β2 adrenergic recep-
tor, another GPCR which binds small agonists or rhodopsin. Small molecules like 
rhodopsin lack proline residues which constitute the 7TM domain of chemokine 
receptors. Proline produces kinks and bends in 7TM helix which affects its folding 
and orientation of intra- and extracellular loop in chemokine receptors. Researchers 
postulated that CCR2 and CCR5 binding is determined by the presence of the motif 
threonine-x-proline (TxP) in TM2 [98–100].

Binding of IL-8, the agonist for chemokine receptor CXCR1/CXCR2 to its 
receptor, results in stimulation of the receptor and causes GDP/GTP exchange 
which further hydrolyzes the G alpha protein subunit from the heterodimer (GβƳ). 
Phospholipase D is activated giving rise to the signaling cascade, namely, MAP 
kinase pathway and phosphorylation of various amino acid residues like serine/
threonine on the carboxy-terminal of the receptor through secretion of various 
secondary messengers like DAG and IP3 which trigger the intracellular calcium 
pool. A series of events which follow intracellular calcium mobility include move-
ment of chemotactic cytokines, release of inflammatory granules and free radi-
cals, and finally modification of avidity of cell adhesion molecules like integrin 
[101, 102].
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5  Ligand Binding

Several mutagenesis studies have demonstrated the ligand-binding region of che-
mokine receptor. The studies revealed that N terminals were important especially 
for certain receptors, for example, CCR2, CCR3, CCR5, and CXCR1 [84]. Further 
receptors bind to specific chemokines which could be considered as their ligand 
partners (CCR-CC, CXCR-CXC). In contrast, DARC exhibits high affinity for 
inflammatory chemokines of different subfamilies. Chemokine receptors involved 
in leukocyte migration exhibit high promiscuity. One such receptor is CCR3 which 
can bind to 10 different chemokines. Furthermore, such binding elicits varied cel-
lular responses which can be very complex [85, 103]. For instance, internalization 
is triggered when CCL19 binds to CCR7, while the same is not observed when 
CCL21 binds to CCR7 [13]. In a similar manner, interaction of CCR4 with CCL22 
induces internalization, while the same is not observed with CCL17. On the other 
hand, chemokine receptors which play a role in homeostatic function bind to single 
chemokines as illustrated by CCR9 which binds only to CCL25, while CXCR5 
exhibits binding to CXCL13 [15]. Various ligands for chemokine receptors are 
depicted in Table 9.1.

Similarly, CXCR1 exhibits specific affinity for CXCL8, CXCR2 is less selective 
and can bind also to many CXC. More involved studies have demonstrated the role 
of specific regions of the receptor in binding and have associated the first extracel-
lular loop in ligand binding by CXCR2, and have demonstrated related differences 
in the affinity of ligands to CXCR2 by eliciting their mechanisms. This has been 
substantiated by other studies. A multisite binding model has therefore been pro-
posed for CCR1 and CCR3 [22]. Further, in case of CCR1, the role of second extra-
cellular loop in ligand binding has been established using the cross-linkable 
macrophage inflammatory protein (MIP)-1α. Similarly for CCR2, the relevant site 
for ligand binding is the amino terminus [104].

Promiscuous chemokine ligand–receptor relationships are common. As a result, 
defining the chemokine receptor responsible for stimulus–response coupling in pri-
mary cells is often not straightforward due to overlapping specificities of receptors 
for ligands and leukocytes, and a paucity of receptor subtype-selective blocking 
agents. Although anti-receptor monoclonal antibodies and mice with targeted gene 
disruptions are now being used to resolve ligand-binding specificities in vivo, prob-
lems of interpretation persist due to the inequality of chemokine and chemokine 
receptor repertoires, tissue distribution, and biological usage among species [8].

6  Antagonists for Ligand Binding

A plethora of diseases have been identified which has postulated the role of chemo-
kine receptors in their progression. Though chemokines have been evolved as regu-
lators of immune response, their improper exploitation has contributed toward many 
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afflictions. This has led to the discovery of a wide array of antagonists. Specific 
chemokine receptors like CXCR4 and CCR5 on cell surface of CD4+ T cells bind 
with HIV-1 envelope proteins, act as entry portals for HIV-1 virus which has raised 
significant interest by pharmaceutical companies to develop small molecules and 
antibodies against chemokine receptors [105, 106]. Numerous studies report mole-
cules that potentially inhibit the interaction between gp120 proteins and chemokine 
receptors, thus preventing internalization. Amino oxypentane (AOP) RANTES an 
isoform of RANTES which act as a potential inhibitor for the eradication of HIV 
virus is been identified. In the same context, a series of CCR5 inhibitors have been 
developed for the treatment of HIV [107–109].

Though a number of biologics and GAG-based therapeutics which possess sig-
nificant potential in inhibition of chemokine receptor function already exist, research 
efforts have also aimed toward the discovery of low molecular weight therapeutics 
with ability to act as chemokine receptor antagonists. CXCR4 and CCR5 have been 
identified as potential targets due to their roles in HIV entry [110].

A sequence of events follows the entry of human immunodeficiency virus (HIV- 
1) into the host.

Viral replication cycle starts with the formation of gp120/CD4+ complexes fol-
lowing the interaction between viral envelope protein and host cell membrane. The 
complex activates the chemokine receptors by undergoing conformational modifi-
cations, followed by a series of events which cause fusion between host and viral 
cell membranes [106]. T-tropic strains of HIV gain entry into the host predomi-
nantly through CXCR4, whereas CCR5 is essential for invasion of M-tropic HIV 
[68, 111, 112]. D6 receptor which lacks intracellular signaling is also reported to 
play a role [113]. This has led to the development of a number of CXCR4/CCR5 
antagonists which have entered clinical trials and are depicted under the Sect. 8 on 
clinical studies later in this chapter.

7  Receptor-Mediated Targeting Strategies

Nanocarriers have been the major vehicles for receptor-mediated targeting due to 
the manifold advantages they offer. While they can enable passive targeting which 
is influenced by their physicochemical properties, for example, size, shape, surface 
charge, and hydrophobicity, attachment of ligands which can recognize cell mem-
brane components can facilitate active cellular targeting. Using ligands for chemo-
kine receptors can enable such active targeting via receptor-mediated endocytosis. 
However, despite major studies in the development of new drugs as chemokine 
agonists and antagonists, exploitation of chemokine receptor-based targeted drug 
delivery based on nanocarrier strategies is limited.
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7.1  Liposomes

Immunoliposomes loaded with siRNA have been successfully employed for sys-
temic targeting of LFA-1 (lymphocyte function-associated antigen-1) integrin pres-
ent exclusively on leukocytes and other immune cells that act as mediators of HIV-1 
infection [114].

An anti-HIV liposomal composition containing cardiolipin as phospholipid exhib-
ited anti-HIV activity by inhibiting the binding and fusion of gp 120 with cell surface 
receptors CCR5 and CXCR4 of host cells [115]. Non-phospholipidic cationic lipo-
somes containing free fatty acids, their monoesters and cholesterol, namely, 
Novasomes® 7474 loaded with a combination of 2 RANTES (a CCR5- specific inhib-
itor) and fusion inhibitor sifuvirtide enabled downregulation of CCR5 [116, 117].

7.2  Nanoparticles

Nanoparticles containing a specific siRNA sequence showed a marked reduction in 
the expression of CD4+ and CCR5 in explants of HIV-1 negative female, which was 
evident by decrease in the biomarker CD45. This proposed the ability of the 
nanoparticles to cause suppression of receptor-specific genes [118]. Intravenous 
infusion of nanoparticles encapsulated with CCR5-specific siRNA complexed with 
CD4+ T-cell-specific antibody downregulated expression of CCR5 receptors in pre-
clinical mice model confirming their anti-HIV potential [119].

PLGA nanoparticles incorporating PSC-RANTES (amino terminus-modified 
synthetic analog of RANTES) showed greater mucosal penetration of the protein 
and improved activity as HIV-1 entry inhibitors in rhesus macaque model compared 
to their non-polymeric counterparts [120, 121]. PEG-stabilized gold nanoparticles 
are reported to be effective HIV-1 fusion inhibitors causing inhibition of binding of 
HIV envelope protein gp120 and CD4+ T cell. The gold nanoparticles showed effi-
cient inhibition against X4, R5, and X4R5 virus strains of HIV-1 infection [122].

Gold nanoparticles coated with multiple sulfate-modified amphiphilic ligand 
showed great promise as HIV-1 inhibitor by competitive inhibition of gp 120 glyco-
proteins on virus and inhibit binding of the virus to dendritic cells and subsequent 
transfer to T lymphocytes (CCR8), thereby preventing viral replication [123]. 
Anchoring neutralizing antibodies (NABs) on silver nanoparticles induced the abil-
ity to neutralize HIV-1, not observed when NAB alone was used [124].

7.3  Miscellaneous

Atherosclerosis, an inflammatory process is strongly influenced by chemokine/
chemokine receptor-like CCR2 which is majorly involved in leukocyte recruitment 
to the atherosclerotic plaque. Dextran nanoparticles encapsulating siRNA were 
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employed to silence mRNA, thus downregulating CCR2 expression. Dextran 
nanoparticles labeled with Zr89 also served as a targeted theranostic. When injected 
in ApoE knockout mice, the nanoparticles showed reduced PET/MRI signal used to 
spot macrophage in the atherosclerosis-inflamed tissue, suggesting the role of dex-
tran nanoparticles in targeting atherosclerotic plaque [125].

8  Clinical Studies

CXCR4 and CCR5 being the main hallmark for progression of HIV-1 infection have 
prompted several pharmaceutical players to rapidly develop potent inhibitors against 
these receptors which could block the selective pathway. Selective inhibition of 
receptors has given rise to drug-resistant strains of HIV due to the peculiarity of the 
virus to switch tropism. Hence, current research efforts are aimed to develop antag-
onists against dual tropic strains of virus. Among the specific inhibitors of HIV-1 
infection, CCR5 antagonist has gained much of interest as HIV-1 inhibitor, though 
it plays a role in the progression of autoimmune diseases like type 1 diabetes and 
multiple sclerosis. Clinical studies using CCR5/CXCR4 antagonists are depicted in 
Table 9.3. The role of chemokines in other non-infectious diseases has led their 
evaluation for other applications. Clinical trials for such applications are recorded in 
Table 9.4.

9  Conclusion and Future Prospects

Chemokine receptors play a multifaceted role in the progression of infectious dis-
eases like HIV, malaria, atherosclerosis, and multiple sclerosis. A number of antag-
onists are developed and are under clinical trials. Nevertheless, synergizing such 

Table 9.3 Chemokine receptor antagonists under clinical trials for anti-HIV activity

Receptor Antagonists Company Clinical trial Status References

CCR5 Maraviroc Pfizer Available as 
Selzentry®

[126]

HGS004 Human genome 
sciences

Phase I [127]

Cenicriviroc/TAK 652 Takeda Phase IIb [128]
PRO140 Progenics pharma Phase II [129]
Aplaviroc/AK602/
GW873140/ONO4128

GSK Phase II [130]

INCB9471 Incyte Phase II [131]
Vicriviroc/SCH D Schering-Plough Phase II [132]
SCH C Schering-Plough Phase II [133]

CXCR4 AMD11070 ANORMED Phase I [134]
AMD3100 ANORMED Discontinued [135]
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developments with targeted drug delivery strategies using nanocarriers could play a 
major role in harnessing chemokine receptor-based targeting for improved thera-
peutic outcomes.
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Chapter 10
Scavenger Receptor and Targeting 
Strategies

Amit S. Lokhande, Priyanka Jahagirdar, Prajakta Dandekar, 
and Padma V. Devarajan

Abstract Scavenger receptors constitute a group of receptors on the cell surface that 
attach to various ligands and remove the targets that are non-self or altered. Signaling, 
transport, endocytosis, phagocytosis, and adhesion resulting in the removal of harm-
ful and degraded substances are some functions of these receptors. Scavenger recep-
tors bind a large repertoire of ligands indicating their involvement in homeostasis and 
multiple disease pathologies. In this chapter, we describe the role of scavenger recep-
tor group in the pathogenesis of infections and cancer. In addition, we present a 
variety of ligands with their scavenger receptor binding strategies through different 
examples of targeted drug delivery systems.

Keywords Cancer · Infections · Nanosystems · Polyanionic ligand · Scavenger 
receptor · Targeted drug delivery

Abbreviations

AcLDL Acylated low-density lipoprotein
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BBB Blood–brain barrier
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CFUs Colony-forming units
CR Cysteine rich
CXC Chemokine receptor 16
DCP Dicetylphosphate
DCs Dendritic cells
EDCs Endothelial cells
EGF Epidermal growth factor
Fe2O3 Iron oxide
FEEL Fasciclin EGF-like, and lamin-type EGF-like domains
GPI Glycosyl-phosphatidylinositol
HDL High-density lipoprotein
Hsp Heat shock proteins
LAMP  Lysosome-associated membrane glycoprotein
LCO Lithocholic oleate
LDL Low-density lipoprotein
LDLR Low-density lipoprotein receptor
LOX-1 Lectin-like oxidized LDL receptor-1
LPS Lipopolysaccharide
LTA Lipoteichoic acid
MARCO Macrophage receptor with collagenous structure
MBSA Maleylated albumin
MTX Methotrexate
NMs Nanomedicines
NK cells Natural Killer cells
OxLDL Oxidized low-density lipoprotein
PAS p-amino salicylic acid
PC Phosphatidylcholine
PG Phosphatidylglycerol
POPC Palmitoyloleoyl-phosphatidylcholine
PS Phosphatidylserine
RBCs Red blood cells
ROS Reactive oxygen species
S1-CLP Stabilin-1 interacting chitinase-like protein
SCARA-5 Scavenger receptor class A member 5
SiRNA Small interfering ribonucleic acid
SNP Single nucleotide polymorphism
SPARC Secreted protein acidic and rich in cysteine
SR Scavenger receptor
SRCL Scavenger receptors with C-type lectin
SRPSOX Scavenger receptor that binds phosphatidylserine and oxidized lipids
TAMs Tumor-associated macrophages
TiO2 Titanium dioxide
UGPR Uteroglobin-related protein
VLDL Very low-density lipoproteins
ZnO Zinc oxide
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1  Introduction

Scavenge means to clear, accordingly the role played by the scavenger receptors is 
clearing the body of a variety of moieties, for instance, modified low-density lipopro-
tein (LDL), bacteria or infected RBCs, apoptotic cells, etc. [1]. The receptor was first 
identified by Brown and Goldstein in macrophages and they observed that while the 
receptor internalized and degraded modified and oxidized low-density lipoprotein 
(OxLDL) or acetylated LDL, native LDL was spared by these receptors. Intracellular 
internalization of modified LDL may be due to foam cell formation [2]. Such foam 
cells loaded with cholesterol are integral to the atherosclerotic plaques and are also 
located in the lesions of blood vessel walls [3, 4]. While the scavenger receptors play 
a crucial physiological role, they can also perform as mediators in various patholo-
gies. This chapter details the receptor with special emphasis on exploiting the endo-
cytic property of this receptor in the targeted therapy of various diseases.

2  Scavenger Receptors

Scavenger receptors encompass a group of membrane proteins along with isoforms 
and soluble secreted extracellular domain isoforms. Although scavenger receptors 
are divided into 12 classes A-L (Fig.10.1), a term superfamily is not bestowed, as 
the receptors reveal no structural homology among the different classes [5]. They 
are more aptly termed as a supergroup [6]. Though structurally dissimilar, the 
 scavenger receptors show affinity for similar ligands comprising of polyions including 

Fig. 10.1 Schematic representation of scavenger receptor classes and their recognition domains
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lipoproteins, phospholipids, cholesterol ester, apoptotic cells, carbohydrates, 
proteoglycans, and ferritin. A structural similarity is evident among different 
members of a class. Owing to their diverse ligand binding ability, the scavenger 
receptors represent a significant part of the pattern recognition receptors [7, 8]. A 
schematic representation of scavenger receptor classes and their recognition 
domains is depicted in Fig.10.1. A major focus of this chapter is on Class A and B 
scavenger receptors, the receptors that play a role in infections and cancer.

2.1  Scavenger Receptors’ Recognition Domains

2.1.1  Class A

Class A scavenger receptor comprises of type II transmembrane proteins. A cytoplas-
mic N-terminal domain (40–55 amino acids) is linked to the transmembrane region 
(26 amino acids). The extracellular domain comprises of three domains, namely, 
α-helical coiled-coil, C-terminal cysteine-rich (CR), and collagen-like domain and 
mediates ligand recognition. The unique collagen-like domain has positively charged 
amino acid residues that bind to polyanions [9–11]. The SR-AI/II, MARCO, SCARA5, 
and SRCL are most widely studied members of this class (Fig.10.1). SR-AI and AII 
display identical affinity for collagen-rich region [12]. MARCO exhibits an extended 
collagen-rich domain and expresses cysteine-rich domain as ligand-binding site [13]. 
SCARA-5 and MARCO receptors reveal a similar ligand binding. The coiled-coil 
domain is absent in these two receptors [14]. SRCL comprises of a C-terminal 
lectin-type domain while it lacks cysteine-rich domain [15].

2.1.2  Class B

The members of this class usually contain type III transmembrane proteins of 
450–500 amino acid residues. They mainly express 2 transmembrane regions which 
contain closely placed short intracellular N- and C-terminals with the central extra-
cellular loop comprising N-linked glycosylated domain of 400–450 amino acid resi-
dues, involved in ligand recognition [6]. The CD36 and SR-BI are two major 
members, which are largely glycosylated and fatty acylated [16, 17].

The structural dissimilarity is evident among different classes of scavenger 
receptors. Class C is not expressed in humans [18]. Class D scavenger receptors 
contain lysosome-associated membrane glycoprotein (LAMP) domains and mucin- 
like domains [19], whereas lectin-like LDLR-1, the only member of class E, shows 
C-type lectin domain. The C-terminal of this domain is connected by transmem-
brane domain to the cytoplasmic domain of N-terminal [20]. Class F scavenger 
receptors revealed growth factor domains, while class G receptors exhibit along 
with a chemokine domain and a mucin-like glycosylated stem as extracellular 
domain for ligand binding [21]. Class H scavenger receptors comprise of fascillin, 
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epidermal growth factor (EGF) like, and lamin-type EGF-like (FEEL) domain [22]. 
While class I scavenger receptors consist of multiple group B cysteine-rich domains 
in their extracellular domain [23], class J contains a single transmembrane domain 
that connects the amino-terminal ligand recognition and binding ectodomain 
with a short cytoplasmic domain [24]. The class K scavenger receptor consists of 
hyaluronan binding domain [25, 26] and class L scavenger receptor consists of 
ligand- binding repeat, EGF repeat, and β propeller domain [27, 28]. A detailed 
description of these classes can be accessed from the literature [1, 5, 29].

3  Ligand Binding

Although majority of polyanionic ligands bind to scavenger receptors, their speci-
ficity depends on scavenger receptor domains. The broad range of specificity of the 
scavenger receptors prompted scientists to study the active site of these receptors. 
The positively charged C-terminal of the collagenous domain is essential for bind-
ing of ligands. Binding studies suggest that the collagenous domain is responsible 
for the broad specificity of the receptor [30]. A sticky surface is provided by the 
collagenous domain that enables selective binding of polyanions with high affinity. 
The positively charged residues of this domain are important for binding of polyan-
ions. Presence of few negatively charged residues repels polyanions with low affin-
ity and binds only those with high affinity. A direct or indirect effect on ligand 
binding is shown by other extracellular domains [31].

Although structurally homologous, SR-A1 and MARCO exhibit ligand uptake 
by discrete mechanisms. Studies suggest that removal of the cysteine-rich domain 
of MARCO curbs the internalization, whereas an enhanced uptake was seen follow-
ing CR domain deletion of SR-A1 [32]. A difference in domain charge may have 
resulted in this consequence. A negatively charged CR domain is predicted by in 
silico studies. However, some studies report a mixed positive and negative charge 
for CR domain in MARCO. Such differences in charges could impact the recogni-
tion of pathogens and particulate carriers. Ligand receptor binding of MARCO is 
dependent on metal ions like calcium. Calcium binding and reduced electrostatic 
potential at the acidic amino acids enable interaction of MARCO with polyanions 
[33]. Electrostatic potential changes can also alter the stationing of MARCO 
domains, in turn affecting ligand binding. A high affinity of CD36 of class B to 
long-chain fatty acids enables fatty acid transport [29, 34].

4  Intracellular Internalization

Scavenger receptors based on their class exhibit different endocytic mechanisms. 
While SR-A receptors follow clathrin-dependent pathways, LOX-1 proceeds via 
clathrin-independent pathways. Lipid raft-mediated mechanisms are shown by class 

10 Scavenger Receptor and Targeting Strategies



302

B scavenger receptors (Fig.10.2). This endocytosis diversity of scavenger receptors 
is mainly associated with their sequence diversity and a wide variety of endocytic 
motifs present in cytoplasmic domains of each scavenger receptor.

The ligand binding to scavenger receptor mediates receptor-mediated endocyto-
sis of this scavenger receptor–ligand complex, followed by intracellular trafficking 
via endosome lysosome system resulting in the metabolism of ligand. Scavenger 
receptor-mediated endocytosis of ligands stimulates the cascade of intracellular sig-
naling. This leads to apoptosis, lipid peroxidation, and endothelial cell dysfunction. 
Monocyte infiltration accompanied by differentiation, which leads to foam cell 
formation, suggest a role in atherosclerotic plaque formation [6].

4.1  Caveolae/Clathrin-Dependent Pathway

A phagocytic cascade is triggered following internalization of modified LDL by 
SR-A.  In the absence of ligands, unlike LDL receptor, the SR-A does not follow 
continuous cycling through a metabolic pathway. N-terminal cytoplasmic domain of 
SR-A contains di-leucine motif at amino acid residues 31 and 32, phosphorylation 
sites have been involved in ligand internalization and adhesion. This internalization 
of ligands follows classical coated pit pathway (Fig.10.2) [35].

Fig. 10.2 Schematic overview of scavenger receptor-mediated endocytic pathways
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4.2  Clathrin-Independent Pathway

The class E scavenger receptor LOX-1 binds to OxLDL, apoptotic bodies, and 
phospholipids and endocytoses via clathrin-independent pathway [36].

4.3  Lipid Raft Uptake

Class B scavenger receptor CD36 follows lipid rafts/caveolae-dependent pathway. 
Lipid rafts are mainly membrane domains containing lipids such as cholesterol, 
sphingolipids, glycosyl-phosphatidylinositol (GPI)-anchored proteins, and protein- 
tyrosine kinases of acylated src family. Caveolae present specialized raft subdomain 
for uptake mechanisms in some cells [37, 38].

5  Scavenger Receptor Location, Expression, and Function

Scavenger receptors are expressed mainly in endothelial cells (EDCs) and myeloid 
cells, but others are also expressed in epithelial cells. The SR-AI and AII are mostly 
expressed on macrophages, EDCs, epithelial cells, astrocytes, dendritic cells (DCs), 
mast cells, smooth muscle cells and mediates lipid metabolism, clearance of modi-
fied host components, pathogens, apoptotic cells, B cell–macrophage interactions, 
antigen presentation, binding of macrophages to extracellular matrix, and intracel-
lular signaling [39–41]. MARCO is expressed by macrophages, EDCs, DCs, and 
astrocytes. Infectious stimuli express MARCO in most tissue macrophages. In DCs, 
antitumor response induces high-level expression of MARCO. MARCO also regu-
lates the clearance of pathogens, necrotic dead cells, unopsonized particles, and 
enhances B cell–macrophage interaction [42]. SRCLI/II is mostly expressed by 
EDCs, stromal cells, astrocytes, and microglia, but not by macrophages. SRCL 
induces adherence of Lewis X-positive cells to vascular endothelium and elicits 
clearance of desialylated glycoproteins and β-amyloid [15]. Moreover, SCARA-5, 
a class A receptor is mostly expressed on epithelial cells of testis, airways, thymus, 
and adrenal glands. SCARA-5 lacks ability to recognize modified LDL and thus not 
involved in its endocytosis [14].

CD36 is mostly expressed by myeloid cells, platelets, adipocytes, and EDCs. 
Monocyte differentiation upregulates CD36 level, a mechanism similar to SR-A. The 
class B receptors induce lipid transfer activity, clearance of apoptotic cells, and 
P. falciparum-infected erythrocytes. SR-BI is found on monocytes, DCs, liver cells, 
and adrenal glands [43]. Class C is not found in humans and expressed on macro-
phages of the Drosophila and Mosquitoes [44]. The class D CD68 scavenger recep-
tor shows intracellular expression in macrophages, and surface expression on 
dendritic cells and osteoclasts [45]. Moreover, scavenger receptor class E (LOX-1) 
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is mostly found on EDCs, in various diseased conditions is expressed in smooth 
muscle cells. Furthermore, LOX-1 is involved in induction of apoptosis of EDCs, 
monocyte adhesion to EDCs, release of proinflammatory cytokines, and increase in 
ROS production [46]. The class F receptors are expressed over EDCs, macrophages 
and are involved in clearance of modified host components, antigen clearance and 
cross-presentation [47]. The class G scavenger receptors are expressed over macro-
phages, dendritic cells, and also expressed in multiple organs [48]. The class H 
scavenger receptors are mostly expressed in EDCs of liver, spleen, and lymphatic 
system, whereas macrophages only express FEEL-1. The class H facilitates lym-
phocyte adhesion and transmigration, clearance of modified lipoproteins and apop-
totic cells, induces angiogenesis, and is involved in intracellular trafficking [49]. 
However, Class I CD163 receptor is mainly expressed on myeloid cells and medi-
ates clearance of hemoglobin (Hb):haptoglobin (Hp) complexes, and aids erythro-
blast adhesion to macrophages [6]. Other classes of scavenger receptors such as 
class J, K, and L are still in research stage, in which class J is mainly expressed on 
neurons, class K on macrophages, and class L on kidney proximal tubule cells, lung, 
thyroid, gallbladder, neuroepithelium, epididymis, prostate, ovaries, uterus, and 
blood–brain barrier. They are mainly involved in the clearance of extracellular 
matrix ligands [5]. Although different types of scavenger receptors are expressed at 
the same site, they show diversity in intracellular trafficking and consequently elicit 
different responses.

6  Pathophysiological Features

SR-AI/II plays a major role in innate immunity against bacterial infections, where 
they recognize polyanionic cell wall products of bacteria including lipopolysaccha-
ride (LPS) and lipoteichoic acid (LTA). They mediate unopsonized phagocytosis of 
Gram-positive bacteria. This innate immune response stimulates scavenger receptor 
and enhances recognition and rapid internalization of pathogenic materials, thereby 
playing a role in the host defense mechanism [50].

SR-BI is involved in several processes such as apoptosis, binding and internal-
ization of pathogens, and signaling for induction of anti-inflammatory response. 
Microorganisms supported by anti-inflammatory activity of SR-BI undergo inter-
nalization via multimolecular pathways. This was elucidated based on observations 
in infectious diseases caused by Gram-positive and -negative bacteria, as also infec-
tions caused by dengue virus, hepatitis C virus, Plasmodium species, and many 
other infectious agents. SR-BI is also involved in the clearance of microbial end 
products. Binding of SR-BI to lipopolysaccharide is reported [50].

Involvement of scavenger receptors in the regulation of cancer tumor growth and 
associated immune reactions is reported. Tumor-associated macrophages (TAMs) 
show elevated levels of SR-A. An overexpression of SR-BI on cancer cell lines is 
observed. This results in increased lipid uptake in tumor cells, thus promoting 
growth [51]. Yet another interesting mechanism by which SR-BI increases tumor 
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proliferation is the intracellular signaling cascade involving activation of the PI3K/
AKT pathway, thereby causing tumor growth [52, 53].

Scavenger receptors are extensively studied in atherosclerosis, where SR-A and 
CD36 induce modified LDL uptake which is associated with foam cell formation 
[54]. On the other hand, SR-BI mediates cholesterol transport which is responsible 
for its anti-atherogenic role [55]. Although cells present in atherosclerotic lesions 
expressed LOX-1 and CD68, their exact role in response to atherogenesis is yet to 
be confirmed.

Interestingly, scavenger receptors are reported to play an important role in the 
pathophysiology of Alzheimer’s disease, where they exhibited potential endocytosis 
of β-amyloid fibrils [56].

7  Ligands

Majority of scavenger receptors are able to bind bacteria, virus, and cell surface 
components. They showed effective binding with polynucleotides, sulfated polysac-
charides, and long-chain fatty acids [40]. Almost all scavenger receptors mediate 
modified LDL uptake. The members of this supergroup such as SR-A, SR-B, and 
SR-E show efficient binding to both OxLDL and AcLDL, whereas SR-H only medi-
ate AcLDL uptake. Among all, class B receptors bind to unmodified LDL, HDL, 
and VLDL. Such differential binding dictates their functional diversity in the clear-
ance of modified LDL. The scavenger receptor expresses positively charged amino 
acids cluster (arginine or lysine) which thereby facilitates ionic interaction with 
negatively charged polyanionic ligands, lipoprotein particles, and pathogenic mate-
rials such as lipopolysaccharide and lipoteichoic acid. The ligand-binding potential 
of scavenger receptors increases with enhanced oligomer expression [29, 31, 41]. 
The numerous ligands for different scavenger receptor classes are summarized in 
Table 10.1.

Class A recognizes lipidic and apolipoprotein functionalities expressed by modi-
fied LDL [57]. This class of scavenger receptors exhibits neuronal cytotoxicity by 
mediating the uptake of β-amyloid fibrils in microglia and thereby contributes to the 
pathophysiology of Alzheimer’s disease [58]. The affinity of extracellular ligands 
biglycan and decorin to SR-A induces association of macrophages in the extracel-
lular matrix of smooth muscle cells involved in atherosclerotic plaque formation. 
Similarly, advanced glycation end products (AGE) efficiently endocytosed by SR-A 
are released during inflammation. On the other hand, SR-A also mediates uptake of 
glycated proteins such as glycated collagen IV. Expression of SR-A on adenocarci-
noma cells mediates internalization of T-cell tumor antigen and thus plays an impor-
tant role in cancer pathology. During lung inflammation, MARCO mediates uptake 
of uteroglobin-related protein-1 (UGRP-1). Besides MARCO another member of 
class A, SRCL-I recognizes Lewis-X trisaccharides with high affinity and dictates 
its role in recognizing desialylated glycoproteins. SRCL-I also recognizes β-amyloid 
peptide in Alzheimer’s patients [5].
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Table 10.1 Scavenger receptor class and their ligand molecules

Class Receptor Endogenous ligands
Pathogenic 
ligands Exogenous ligands

A SR-AI/II AcLDL, OxLDL, 
lysophosphatidylcholine, 
ApoA-I, Apo E, cholesterol, 
modified collagen type I, III, 
and IV, biglycan, decorin, 
AGE-BSA, β-amyloid fibrils, 
calreticulin, gp96, Hsp70, 
CpG DNA

N. meningitidis 
surface proteins, 
Gram-positive and 
-negative bacteria, 
C-reactive protein, 
hepatitis C virus, 
LPS, LTA

Polyacrylic acid, 
phosphatidic 
acid-modified 
albumin, calciprotein 
particles, maleylated 
LDL

A MARCO AcLDL, OxLDL N. meningitidis 
surface proteins, 
Gram-positive and 
-negative bacteria, 
LPS

TiO2, Fe2O3, Latex 
beads, and CSiO2

A SCARA5 L-ferritin, haptoglobin, 
hemoglobin

Gram-positive and 
-negative bacteria

Fe2O3

A SRCL OxLDL, β-amyloid, 
desialylated Lewis 
X-containing glycoproteins, 
Lacto-ferrin, matrix 
metalloproteinases 8, 9

Yeast, Gram- 
positive and 
-negative bacteria

Fe2O3, modified 
glycoproteins, 
modified 
polysachharides

B CD36 AcLDL, OxLDL Gram-negative 
bacteria, 
Cryptococcus 
neoformans and 
P. falciparum, 
LTA

Phosphatidylserine, 
β-glucan, A 
diacylated, 
lipopeptides

B SR-BI AcLDL, OxLDL, native LDL, 
native HDL, VLDL, apoptotic 
cells

Gram bacteria, 
M. fortuitum, 
hepatitis C virus, 
P. falciparum, 
LPS

Sulfated 
polysaccharides

D CD68/
Macrosialin

OxLDL ICAM-L 
(Leishmania 
surface protein)

Phosphatidylserine- 
rich liposomes

E LOX-1 OxLDL, acLDL, fibronectin, 
and pancreatic bile salt- 
dependent lipase Hsp60, 
Hsp70

Gram-negative 
and -positive 
bacteria

Modified LDL, 
lipoprotein particle, 
phospholipids, 
sulfated 
polysaccharides, 
poly(I), AGEs

F SRECI/II AcLDL, OxLDL, glucose- 
regulated protein 170, Hsp70, 
Hsp90, Hsp110

Gram bacteria, 
hepatitis C virus, 
fungal pathogens, 
zymogen granule 
protein 2

Carbamylated LDL, 
calreticulin

G SRPSOX/
CXCL16

OxLDL Bacteria Phosphatidylserine

(continued)
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Class B receptors show diverse ligand specificity where they bind native lipopro-
tein particles and hypochlorite modified LDL which are found in atherosclerotic 
lesions. CD36 present in vascular endothelial cells mediates hexarelin uptake and 
causes vasoconstriction. Furthermore, this CD36 also binds collagen type I, AGE- 
modified BSA, and β-amyloid fibrils. It also recognizes oxidized phospholipids 
expressed on apoptotic cells, thereby mediating macrophage clearance. SRBI recep-
tor of class B, binds AcLDL with greater affinity. It also mediates uptake of native 
lipoprotein particles and recognizes expressed apolipoprotein components. It also 
binds AGE-BSA and β-amyloid fibers [5, 29, 57, 58].

Class C receptor binds to AcLDL and pathogens, whereas class D (CD68) binds 
to OxLDL and negatively charged phosphatidylserine-rich liposomes. The Class E 
(LOX-1) binds to OxLDL, fibronectin, phosphatidylserine, AGE-modified protein 
and clears apoptotic cells. LOX-1 mediates Hsp70 internalization in dendritic cells, 
which is not endocytosed by class A & class B receptors. Both Class F receptors, 
SREC-I and SREC-II, are involved in the uptake of modified LDL, and mediate 
recognition of other ligands such as calreticulin, molecular chaperones, gp96, and 
tumor released heat shock proteins (Hsp70), whereas they lack recognition for 
AGE-modified proteins.

Class G (SRPSOX) receptor-like LOX1 (Class E) binds to OxLDL but not to 
AcLDL and it also acts as chemokine ligand for CXC chemokine receptor 16, 
thereby mediating adhesion of DCs to T cells and NK cells. In class H, FEEL-1 
receptor binds to extracellular SPARC (secreted protein acidic and rich in cysteine) 
glycoprotein and SI-CLP (stabilin-1 interacting chitinase-like protein) sorted in 
macrophages and Hsp70, while they show poor recognition for AGE-BSA. However, 
FEEL-2 recognizes hyaluronic acid and AGE-BSA with high affinity [5, 6, 29].

Table 10.1 (continued)

Class Receptor Endogenous ligands
Pathogenic 
ligands Exogenous ligands

H FEEL-1/
Stabilin1/
CLEVER1

AcLDL, AGE, SPARC, 
Hsp70, SICLP, Placental 
lactogen, and GDF-15

Gram-negative 
and -positive 
bacteria

Phosphatidylserine, 
heparin sulfate

H FEEL-2/
stabilin-2/
HARE

AcLDL, AGE, and GDF-15 Gram-negative 
and -positive 
bacteria

Procollagen, 
hyaluronic acid, 
phosphatidylserine, 
heparin

I CD163 Hb:Hp, TWEAK a TNF 
superfamily cytokine

Gram-positive and 
-negative bacteria

Not known

J RAGE AGEs, HMGB, S-100 protein Not known Modified AGE
K CD44 Hyaluronan, growth factors, 

cytokines, and matrix 
metalloproteinases

Bacteria, 
proteoglycans

Hyaluronic acid, 
glycosaminoglycans

L SR-L1 Cholesterol, Apo-EI Not known Not known
L SR-L2 Leptin, insulin, and amyloid β 

peptide
Not known Not known
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Scavenger receptors bind to foreign ligands including bacteria, fungi, virus, and 
parasites. In case of pathogens, their extracellular expression containing lipopoly-
saccharides, lipoteichoic acid, C-reactive protein, endotoxins, and numerous other 
surface proteins are recognized by these receptors [59]. Researchers have studied 
various other ligands based on functionality for scavenger receptor targeting, which 
is summarized in Table 10.2.

Table 10.2 List of scavenger receptor ligands based on functionality

Ligand functionality Ligands Reference

Polyacids Polyacrylic acid [60]
Polyitaconic acid [61]
Poly-D glutamic acid [62]

Phospholipids Phosphatidylserine [63]
Phosphatidylglycerol [64]
Phosphatidylinositol [37]
Phosphatidic acid [37]
Oxidized phospholipids [65]
Cardiolipin [66]

Polysaccharides Dextran sulfate [67, 68]
Heparin and heparan sulfate [69, 70]
Keratan sulfate [71]
Dermatan sulfate [72]
Chondroitin sulfate [73]
Glucoronate oligosaccharide [74]
Hyaluronate [75]
Carrageenan [68, 76]
Carboxymethyl dextran [77, 78]
Carboxymethyl cellulose [79, 80]
Fucoidan [81, 82]
Glycosaminoglycans [83]

Polynucleotides Polyinosinic acid poly (I) [84]
Poly (G), poly (G:I), polyxanthinylic acid, telomere models 
[d(G4T4)5]

[85]

Fatty acids Stearic acid [86]
Myristic acid, polyunsaturated fatty acids [87]

Inorganic particles Fe2O3 [33, 88]
TiO2, ZnO [89]
Silica [90]
Asbestos crocidolite [91, 92]

Modified Proteins Maleylated BSA [93, 94]
Malonaldehyde LDL [95]
Calciprotein [96]
Procollagen propeptides [97]
Heat shock proteins (Hsp) [98]
Major vault protein (MVP) [99]

Others Bovine sulfatides [100]
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8  Receptor-Mediated Targeting Strategies

Endocytic uptake mechanism of scavenger receptor suggests a simplistic way of 
receptor-mediated targeted drug delivery. The drug gets released intracellularly 
after efficient internalization of the ligand–receptor complex. This interaction also 
induces the cascade of inflammatory responses. Although there exist many different 
scavenger receptor classes, till date, only A and B scavenger receptors have been 
studied for nanomedicine-mediated response. These scavenger receptors serve as a 
unique nanomedicine target also for many theranostic applications. Research 
directed towards site-specific targeted drug delivery through scavenger receptor 
using various nanoformulations relies on receptor-specific ligands carrier composi-
tions mainly involving polyanions [101].

8.1  Drug–Ligand Conjugates

The chemical coupling of a suitable drug to a scavenger receptor-specific ligand such 
as maleylated albumin (MBSA) increases recognition by scavenger receptors for 
high-affinity binding, thereafter it undergoes internalization and metabolically 
degraded in lysosomes to release free drug for activity. Almost 100-fold enhanced 
efficacy was observed with such drug–ligand conjugate when studied in leishmani-
asis, tuberculosis, and neoplastic conditions. Coupling of methotrexate (MTX) to 
MBSA exhibited rapid internalization inside leishmania-infected hamster peritoneal 
macrophages and demonstrated 100-fold antileishmanial effect compared to free 
drug. It also eliminated intracellular amastigotes of L. donovani and L.  mexicana 
amazonesis. However, in case of M. tuberculosis-infected macrophages the targeting 
of anti-tubercular drug p-amino salicylic acid (PAS) and MBSA conjugate resulted 
in only 50% reduction of colony-forming units (CFUs). However, compared to free 
drug which exhibited CFU reduction of 0.5%, the enhancement in efficacy was 
nearly 100-fold. In neoplastic condition, the conjugation of drug Daunomycin with 
MBSA exhibited 100-fold cytotoxicity over free Daunomycin when tested at low 
concentration of 0.1 μM. Similar cytotoxic results were found with Doxorubicin-
MBSA conjugate when tested on human histiocytic lymphoma cells [102].

8.2  Liposomes

Negatively charged phospholipids such as phosphatidylserine (PS) and phosphati-
dylglycerol (PG) are efficiently recognized by macrophages [103]. The studies con-
firmed that negatively charged liposomes are efficiently taken up by macrophage 
scavenger receptors over neutral or cationic liposomes [104–107]. When macro-
phage cells which expressed scavenger receptor were treated with negatively 
charged PS-liposomes and neutral PC-liposomes, the former exhibited 5.3-fold 
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enhanced macrophage uptake over PC liposomes [108]. Incorporation of dice-
tylphosphate (DCP) also induced net negative surface charge over liposomes [109]. 
Polyaconitylated-human serum albumin (Aco-HSA) surface anchored liposomes 
showed effective anti-HIV 1 activity due to high uptake by scavenger receptors 
expressed on sinusoidal cells. This conjugation of Aco-HSA to liposomes enhanced 
liver uptake 17-fold, as compared with control liposomes, and the Aco-HSA lipo-
somes were mostly found in liver EDCs and kupffer cells. Further, in this study, 
reduced liver uptake (24%) of Aco-HSA was found post-injection of polyinosinic 
acid, which is a known SR ligand [110].

In case of stealth liposomes, endocytic CD163 scavenger receptor enhanced 
uptake of monoclonal antibody loaded pegylated liposomes in CD163 transfected 
cells and macrophages [111]. Palmitoyloleoyl-phosphatidylcholine (POPC)-apoE 
liposomes functionalized using different apoE proteins (apoE2, apoE3, apoE4, 
apoE165, apoE202, apoE229, and apoE259) enhanced scavenger receptor B bind-
ing affinity and were thought to regulate brain cholesterol metabolism [112]. 
Liposomes carrying fluorescently labeled cholesterol when tested on HepG2 cells 
(model system for human hepatocytes) showed 20% binding for class B scavenger 
receptor and only 10% recognition was confined to low-density lipoprotein receptor 
(LDLR) which provided additional insights for scavenger receptor-mediated uptake 
of liposomes [113]. It was reported that, in certain cells, liposome uptake is not 
inhibited by known scavenger receptor ligands suggesting their uptake was not 
scavenger receptor-mediated. PS-containing liposomes showed enhanced uptake in 
an African green monkey kidney cell line (CVI) compared to phosphatidylcholine 
(PC) liposomes, independent of inhibition by known competitors for scavenger 
receptor [polyinosinic acid or dextran sulfate]. On the other hand, in case of murine 
macrophage cell line, PS-liposome uptake was inhibited competitively by polyino-
sinic acid, but not by polycytidylic acid [114]. The liposomes for targeted scavenger 
receptor delivery in various diseased conditions are described in Table 10.3.

8.3  Nanoparticles

8.3.1  Lipoprotein Particles

In one study, it was found that OxLDL exhibited stronger CD36 binding and HDL 
has stronger SR-BI binding ability among all lipoproteins [124]. Synthesized HDL 
nanoparticles also revealed high affinity for SR-BI-rich cancer cells. Furthermore, 
HDL nanoparticles mediated delivery of siRNA to the cancer tumors overexpressed 
with SR-BI. Similarly, these HDL nanoparticles exhibited SR-BI-mediated pacli-
taxel delivery to prostate cancer cells. Such studies proved the potential of SR-BI- 
mediated targeting of nanoparticles and their subsequent involvement in many 
disease states [125]. Administration of acylated LDL particles loaded with muramyl 
tripeptide mediated antitumor efficacy through the scavenger receptors [126]. In 
one study, the antinociceptive activity of apo lipoprotein functionalized loperamide- 

A. S. Lokhande et al.



311

Table 10.3 Liposomes for scavenger receptor targeting

Active Ligand Study outcome Reference

Tuberculosis

Rifampicin Maleylated bovine serum 
albumin

Higher lung retention in rats 
compared to free drug

[109]

Rifampicin Tuftsin 2000-times more effective in 
lowering lung CFU compared 
to free drug

[115]

Rifampicin and 
isoniazid

Dicetylphosphate (DCP) Decreased bacterial load in 
lung, liver, and spleen

[116]

Hepatitis

No drug L-α-phosphatidylinositol 
(PI) and L-α-
phosphatidylserine (PS)

Improved antiviral efficacy by 
reducing infected cell 
cholesterol level

[117]

Leishmaniasis

Pentavalent antimony PS 16-fold more efficacy 
compared to free drug

[118]

Buparvaquone PS >90% efficacy in liver and 
spleen found

[119]

HIV

No drug PI and PS Suppressed mean viral 
secretion by 22% and 
infectivity by 55%

[117]

Iminosugar
N-butyl- 
deoxynojirimycin

PI and PS Decreased viral secretion by 
62% and infectivity by 86%

[120]

Cancer

CPX-351 (cytarabine 
and daunorubicin 5:1 
molar ratio)

PS SR-BI mediated efficient 
uptake of CPX-351 in K562 
leukemia cells

[121]

Doxorubicin Polyethylene glycol CD163-targeted pegylated 
liposomes showed 50% cell 
killing over Doxil

[111]

Atherosclerosis

Fumagillin 1,2-dipalmitoyl-sn-glycero-
3- phosphoethanolamine-N-
7-nitro-2-1, 
3-benzoxadiazol-4-yl 
(DPPE-NBD), and 
1,2-dipalmitoyl-sn-glycero-
3- phosphoethanolamine-N-
biotinyl (DPPE-Biotin)

Diminished atherosclerotic 
lesion

[122]

Dexamethasone Decadeoxyguanine linked 
to lithocholic oleate 
(LCO-dA2dG10)

Enhanced macrophage uptake [123]

loaded albumin nanoparticles was assessed. Three apo lipoproteins E3, A-I, and 
B-100 exhibited 95%, 65%, and 50% antinociceptive activity, respectively, whereas 
plain loperamide solution showed no effect, which showed uptake of such particles 
through SR-BI receptor expressed at BBB [127].
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8.3.2  Inorganic Nanoparticles

Dextran sulfate-mediated macrophage uptake of silver nanoparticles (AgNPs) 
through scavenger receptor is reported. Scavenger receptor-mediated uptake of 
AgNPs resulted in their intracellular accumulation and thereby apoptosis [128]. 
Furthermore, protein functionalization of AgNPs reduced its uptake due to decreased 
surface charge [129, 130]. Inhalation of ZnO nanoparticles induced enhanced 
expression of both SR-A and SR-B and thereby influenced atherosclerotic disease 
progression. However, TiO2 nanoparticles did not exhibit the same mechanism [89]. 
The macrophage phagocytic activity was diminished when subjected to superpara-
magnetic iron oxide nanoparticles exposure. These iron oxide nanoparticles inhib-
ited macrophage activation for M1 to M2 state and enhanced TNF-α production 
[33, 88].

8.3.3  Miscellaneous

Gadolinium-containing nanomedicines with anti-CD36 antibodies were effi-
ciently taken up by macrophages in  vitro compared to nanomedicines without 
CD36 antibodies [131]. The scavenger receptor A class member MARCO also 
exhibited interaction with carbon nanotubes [132] and polystyrene nanoparticles 
[133]. Furthermore, when scavenger receptor A was overexpressed in human 
embryonic kidney 293 (HEK293) cells, a cell line which is normally devoid of 
scavenger receptor expression, elicited enhanced uptake of amorphous silica 
nanoparticles, demonstrating role of scavenger receptor in uptake of nanomedi-
cines [101,134]. The miscellaneous nanoparticles targeting scavenger receptors 
are given in Table 10.4.

Table 10.4 Other nanosystems for scavenger receptor targeting

Nanomaterials Study outcome Reference

Inorganic

Dextran-coated superparamagnetic 
iron oxide nanoparticles (SPIO)

Promotes SPIO uptake by embryonic kidney 
cells (HEK293T) overexpressing SR-AI and 
MARCO

[33]

Silver nanoparticles Inhibition of SR-BI caused reduced uptake of 
AgNPs in endothelial and epithelial cells

[129]

Silver nanoparticles Decreased uptake in MARCO-deficient 
alveolar macrophages

[135]

Miscellaneous

Multiwalled carbon nanotubes Efficient binding to MARCO in macrophages [132]
Fluorescent labeled polystyrene 
particles

Enhanced macrophage association of 
nanoparticles through MARCO

[133]

Silica nanoparticles Enhanced nanoparticles uptake by human 
embryonic kidney 293 (HEK293) cells with 
overexpression of SR-A

[134]
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9  Clinical Trials

Although targeting to scavenger receptor is still in its nascent stage, very few scav-
enger receptor-mediated delivery systems have reached clinical trials. Herein we 
discuss such clinical studies with their outcome, demonstrating the role of scavenger 
receptors and targeting strategies. A study exploring targeting of pegylated inter-
feron α2 plus ribavirin therapy to SR-BI receptor encoded by SCARB1 gene for 
hepatitis C virus studied the association of single nucleotide polymorphism (SNP) 
of SCARB1 gene and its response to therapy, where they found SNP may increase 
antiviral therapy outcome [136, 137]. Interestingly another study was conducted to 
understand underlying molecular mechanisms causing disruption to HDL regulation 
through scavenger receptor (SR-BI) in various metabolic diseases including athero-
sclerosis, where genotype modification affects HDL metabolism and  cholesterol 
homeostasis [138]. One study was conducted to assess the role of scavenger recep-
tor ligands as biomarkers for cardiovascular disease diagnosis, where oxidized 
phospholipids and apolipoprotein B identification by antibodies can be detected to 
predict cardiovascular disease state 15 years in advance. The receptor studied here 
was CD36 [139]. Studies were also conducted for anti-hepatitis C virus efficacy 
testing of a new molecule ITX 5061 by blocking the virus uptake through scavenger 
receptor (SR-BI) expressed on hepatocytes to reduce the infection chances in liver 
transplant patients [140]. No clinical trials are however evident on scavenger 
receptor- targeted drug delivery.

10  Advantages and Limitations

Targeting scavenger receptors offers great promise for improved therapeutic effi-
cacy. This receptor has recognition specificity for pathogenic materials and plays an 
important role in various disease conditions. Intracellular delivery of actives can be 
achieved through scavenger receptor-mediated drug delivery, as the majority of 
infections are intracellular.

The major limitation of targeting these receptors is their broad ligand binding 
and recognition including both endogenous and exogenous molecules, which will 
compete for receptor-mediated endocytosis. Another major challenge is immunoge-
nicity as these receptors are involved in inflammation and expressed on immune 
cells. Furthermore, they are widely expressed on majority of cell types; hence, spec-
ificity is a challenge.

11  Future Perspectives

Recently, newer classes of scavenger receptors were found and many more are still 
to be discovered, hence targeting to these receptors can provide newer avenues in 
site-specific drug delivery. Exploitation of scavenger receptor-mediated drug delivery 
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is an option of the future. SR-BI due to its overexpression is reported as biomarker 
for human nasopharyngeal carcinoma [141]. The role of scavenger receptor as a 
biomarker for diagnosing various other disease conditions needs to be explored.

12  Conclusion

Scavenger receptors play a multifaceted and dynamic role in various cell-signaling 
pathways in the human body and are involved in metabolic regulation of macro-
phages for improved immune response. Scavenger receptors facilitate uptake of a 
broad spectrum of ligands including endogenous and foreign molecules. However, 
this receptor poses a challenge in stealth delivery of nanomedicines due to its inher-
ent ability of scavenging numerous components. Targeted drug delivery using scav-
enger receptor is still in its nascent stage and can be further exploited for the 
treatment of infections and cancer.
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Toll-Like Receptor-Mediated Endocytosis 
in Infectious Disease
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Abstract Toll-like receptors (TLR) present a crucial first line of defense to attack 
by pathogens. In addition, the diversity and widespread localization of TLRs in the 
human body make them prime candidates for the development of therapeutics. 
TLRs are known to function by inducing the release of cytokines that result in an 
inflammation state. However, this release of cytokines needs to be tightly regulated 
in order to prevent adverse reactions such as sepsis. In this chapter, we describe the 
role of TLRs in pathogenesis and present various strategies that have been devel-
oped to target TLRs, including formulations and administration routes, with the 
help of various examples.

Keywords Toll-like receptors · Infectious diseases · Innate and adaptive immunity 
· Pathogenesis · Targeted drug delivery
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APCs Antigen-presenting cells
BCG Bacillus Calmette-Guerin
CD Cluster of differentiation
CpG Cytosine phosphate guanine
CQ Chloroquine
CT C-terminal
CYLD Cylindramatosis protein
DAMP Damage-associated molecular pattern
DC Dendritic cell
dsRNA Double-stranded RNA
EBV Ebola virus
ECD Extracellular domain
ERK Extracellular signal-regulated kinases
FDA Food and Drug Administration
GNP Gold nanoparticle
HA Hemagglutinin
HCMV Human cytomegalovirus
HCQ Hydroxychloroquine
HDL High-density lipoproteins
HIV Human immunodeficiency virus
HMGB1 High mobility group box 1
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I/R Ischemia–reperfusion injury
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IKK I Kappa B kinase
IL Interleukin
IL-1R Interleukin-1 receptor
IRAK Interleukin-1 receptor-associated kinase
IRF Interferon regulatory factor
IROs Immuno-regulatory oligonucleotides
LPS Lipopolysaccharide
LRR Leucine-rich repeats
MAL MyD88 adaptor-like protein
MAPK Mitogen-activated protein kinase
MD-2 myeloid differentiation factor-2
MHC Major histocompatibility complex
MLA Monophosphoryl lipid
MMTV Mouse mammary tumor virus
mRNA Messenger RNA
MyD88 Myeloid differentiation factor 88
NAHNP Non-anticoagulant heparin nanoparticle
NF-kB Nuclear factor kappa-light-chain-enhancer of B cells
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NT N-terminal
ODN oligodeoxynucleotide
OVA Fagellin-ovalbumin
PAMP Pathogen-associated molecular pattern
PBMC Peripheral blood mononuclear cell
PMN Polymorphonuclear leukocytes
RA Rheumatoid arthritis
RIP Receptor interacting protein-1
ROS Reactive oxygen species
RSV Respiratory syncytial virus
RSV Rous sarcoma virus
SAR Structure–activity relationship
siRNA small interfering RNA
SLE Systemic lupus erythematosus
SMI Small molecule inhibitors
SS Systemic sclerosis
ssRNA Single-stranded RNA
TACAs Tumor-associated carbohydrate antigens
TAK-1 Transforming growth factor-β-activated kinase-1
TBK-1 TRAF family member-associated NF-kappa-B activator 1
TGF-β Transforming growth factor-β
TIR Toll/interleukin-1 receptor
TIRAP TIR-domain-containing adaptor protein
TLR Toll-like receptor
TMD Transmembrane domain
TNFSF10 Tumor necrosis factor (ligand) superfamily, member 10
TNF-α Tumor necrosis factor-α
TRADD TNF receptor type 1-associated death domain
TRAF TNF receptor-associated factor
TRAM TRIF-related adaptor molecule
Treg regulatory T cells
TRIF Toll-interferon response factor
VIPER Viral Inhibitory peptide of TLR-4
VSV Vesicular stomatitis virus

1  Introduction

The innate immunity, earlier considered a rudimentary segment of the immune 
system, played a major role in initiating immune responses when a group of 
receptors, known as the Toll-like receptors (TLRs), were discovered. These recep-
tors are present on immune cells, including macrophages, dendritic cells, natural 
killer cells, and the T and B lymphocytes, and function by detecting specific struc-
tural patterns, known as pathogen-associated molecular patterns (PAMPs), 
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present only on pathogens. TLRs also sense damage-associated molecular  patterns 
(DAMPs), which include host entities such as components of the dead or dying 
cells [1]. Currently, there are ten TLRs in humans (TLR 1–10) and twelve in mice 
(TLR 1–9 and TLR 11–13) [2]. Each TLR binds to multiple ligands, and some 
ligands bind to multiple TLRs, thus increasing their diversity [3]. A comprehen-
sive list of all the TLRs and their corresponding ligands and functions is presented 
in Table 11.1.

Since their discovery, TLRs have been associated with preventing various dis-
eases, primarily infections. However, it was soon observed that TLRs could behave 
like double-edged swords, when their involvement in the pathogenesis of Alzheimer’s 
disease was discovered [7, 8].

This observation further propelled the search for therapeutics, including agonists 
and antagonists, targeting TLRs for the control of myriad diseases ranging from 
infections to cancer. Since TLRs are at the front line of defense, they serve as prime 
targets for developing effective therapeutics. Furthermore, since TLRs are present 
ubiquitously in the human body on immune cells, as compared to specific tissue 
cells in the case of other receptors, they can be used to target a wider range of dis-
eases. TLRs thus prove to be a prime receptor candidate for drug delivery, as will be 
discussed in detail with examples through this chapter.

2  Pathophysiological Role of TLRs

As discussed earlier, TLRs are at the front line of the immune response and thus 
play a crucial role in combating infections. The role of TLRs in some critical exam-
ples of infections, such as the lung and skin as well as autoimmune disorders, is 
explained in the following text.

2.1  Pathogenesis in Bacterial Lung Infections

TLRs play a key role in the pathogenesis of infectious and non-infectious lung 
diseases. They regulate the immune responses toward M. tuberculosis, right from 
the initial host–pathogen interaction, through disease progression [9]. Activation of 
TLRs in response to mycobacterial ligands leads to the production of proinflamma-
tory mediators, namely, TNF-α, IL-12, and nitric oxide, which act against mycobac-
terial defenses [10]. Legionella pneumophila that causes the legionnaires disease is 
recognized by TLR-2, TLR-4, TLR-5, and TLR-9, which leads to increased produc-
tion of interferon-γ (IFN-γ), TNF-α, IL-12, and nitric oxide [11, 12]. In the case of 
Streptococcus pneumoniae, a leading cause of pneumonia, various TLR-2 and TLR- 
2/6 ligands have been reported, which result in NF-κB translocation, TNF-α, and 
macrophages production [13, 14].
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2.2  Pathogenesis in Viral Infections

Various members of the TLR family are involved in responses to viral infections 
[15]. The TLR-2 is specifically involved in action against a number of DNA viruses 
[16]. The envelope proteins of the human cytomegalovirus (HCMV) are recognized 
by the TLRs-1/2, which leads to the secretion of proinflammatory cytokines [4]. 
Also, TLRs-2/6 are important for stimulating cytokine production against the repli-
cation of the respiratory syncytial virus (RSV) and cause migration of neutrophils 
to the lung and activation of dendritic cells [17].

Vesicular stomatitis virus (VSV) and Ebola virus (EBV) activate the PI3 path-
way via TLR-4, leading to the expression of type I IFN and proinflammatory cyto-
kines, which in turn leads to immunopathogenesis [18]. TLRs-7 and 8 recognize 
ssRNA of viral genomes. Further, the TLR-9 recognizes hypomethylated CpG 
motifs present on the microbial DNA. These TLRs are responsible for the produc-
tion of high levels of type I IFNs, for induction of type I T-helper responses and also 
for facilitating the B-cell class switching [5].

2.3  Pathophysiology in Skin Infections

TLRs are also expressed on the skin, which provides a major physical and cellular 
barrier for innate immune responses. TLR-3, in association with TLR-5, produces 
CCL27, which promotes the recruitment of memory T cells, specifically to the skin, 
as part of the adaptive immune response [6]. Antimicrobial peptides (AMPs) stimu-
late cytokine and chemokine responses, through the activation of TLRs. TLRs 2/4 
get activated by cathelicidin and produce inflammatory cytokines [19].

2.4  Pathophysiology in Autoimmune Diseases

The role of TLRs has been elucidated in various autoimmune diseases such as 
rheumatoid arthritis (RA) and systemic lupus erythematosus (SLE) [20]. The 
PAMPs associated with commensal flora or infectious bacteria like bacterial DNA, 
the peptidoglycans, and the LPSs act as TLR ligands. SLE affects multiple organs. 
In this condition, auto-antibodies are produced by the hyper-stimulated B cells, 
mainly against dsDNA or DNA/RNA bound proteins, which results in the forma-
tion of IC (DNA and anti-DNA antibody complex) [21]. This IC interacts with 
TLR-9, resulting in the activation of dendritic cells and consequently activating B 
cells, T cells, and other proinflammatory cytokines. Thus, TLR signaling activates 
cytokines, chemokines, co-stimulatory molecules, and orchestrates between innate 
and adaptive immune responses, resulting in clearance of majority of the disease-
causing agents.
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3  The Toll-Like Receptor

TLRs exist in homomeric and multimeric forms, as illustrated in Table 11.1, and 
have different cellular localizations. While TLRs -1, -2, -4, -5, -6, and -10 are 
located on the plasma membrane and later migrate to the phagosome, upon activa-
tion, TLRs -3, -7, -8, and -9 are only expressed on intracellular components, such as 
the endosome/lysosome or the endoplasmic reticulum [22, 23]. In this section, we 
take a deeper look into the structure and function of TLRs.

3.1  Structure of TLRs

The TLR consists of three domains, namely, (i) an extracellular domain (ECD) 
made up of leucine-rich repeats (LRR) that are the main recognition domains for 
PAMPs; (ii) a single transmembrane domain (TMD), and (iii) an intracellular Toll- 
interleukin- 1 receptor (TIR) (Fig. 11.1) [24]. The N-terminal ectodomains (ECDs) 
comprise glycoproteins that consist of 550–800 amino acids. The TLR ECD con-
tains 19–25 LRRs, which form horseshoe structures. The leucine-rich repeats 
(LRRs) of the TLR ECD are 22–29 residues in length, with the hydrophobic resi-
dues placed at intervals.

Overall, the ECDs have a planar structure, which is important in ligand binding 
and activation. The ligand binding occurs through the lateral surface of the TLR 
ECD, which is devoid of N-linked glycan and freely interacts with the ligand [25]. 
The ECDs of the ten human TLRs differ in certain parameters, namely, the number 
of LRRs and the level of N-linked glycosylation [26, 27]. All the TLR signaling 
complexes have an “m” shaped TLR dimer, which specifically interacts with the 

Fig. 11.1 A schematic representation of the TLR structure. The TLRs consist of three domains: (i) 
an extracellular domain, (ii) a single transmembrane domain, and (iii) an intracellular Toll- 
interleukin- 1 receptor (TIR) domain
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N and C termini such that the ECD-N termini diverge to the opposite end, while 
their interaction with the C-termini is in the middle of TLR and ligand [25].

Structural analysis of the ECDs of TLRs -1, -2, and -6 revealed that they con-
tained three distinct subdomains, the N terminal, the central, and the C-terminal 
subdomains [28, 29]. There are four different types of protein–ligand interactions 
for TLR -1, -2, and -6 complexes, namely, the hydrophobic bonding with the 
TLR-2 pocket and TLR-1 channel, the hydrogen bonding of the peptide head 
groups, and the hydrophobic interaction with the conserved cysteines from the 
peptide head groups [25]. The TLR-1 and -2 interact with the triacylated lipopep-
tide ligand Pam3CSK4 which in turn enables dimerization of TIR domains on the 
inner side of the plasma membrane, facing the cytoplasm. The ECD of TLR-3, 
which is localized in endosomes and is known to recognize dsRNA, forms dimers, 
as it binds to the 45 bp segment of the dsRNA and this binding occurs only at 
pH 6.5 or lower [30].

TLR-4 recognizes the LPS along with its co-receptor MD-2 that is supported by 
hydrogen bonds on the lateral and concave surfaces of TLR4-ECD that regulates 
the LPS response and enhances it by binding to TLR-4/MD-2 complex [31, 32]. 
TLR-5 recognizes the bacterial flagellin. TLR-5-ECD is assumed to contain 20 
LRRs and consists of a conserved D1 domain, which is exposed to and interacts 
with the bacterial flagellin [33]. The TLRs 7, 8, and 9 are located in the endosomes 
and recognize nucleic acids. The ECDs of the TLRs 7–9 contain 25 LRRs and are 
heavily glycosylated. The LRRs 2, 5, and 8 loop out from the dimerization surfaces 
of the ECDs.

The TMD of the TLRs functions to anchor them and also plays a pivotal role in 
oligomerization. Tight coupling of the ECD and the TIR domains with TMD is an 
essential requirement for signaling [34]. The dimerization of the TIR domain is a 
prerequisite for the TLRs to function, which in turn is initiated by TMD. The het-
erotypic interaction between TLR-2/6 and TLR-10/2 was due to the similarity in 
sequence among their TMDs, making these interactions similar to homotypic 
 interaction [35, 36]. It was also observed that the TMDs of TLR-2, -7, and -9 con-
tained a Small-xxx-Small motif, where “Small” residues were contemplated to be 
Gly, Ala, or Ser [53].

3.2  TLR Binding and Signaling

TLRs do not bind to the ligand directly. Binding is facilitated by additional recep-
tors, called co-receptors, and some auxiliary molecules, known as the adaptor pro-
teins. The family of cluster of differentiation (CD) molecules are common 
co-receptors. The TLRs also work with several adaptor proteins that mediate bind-
ing of the ligand to the TLRs and initiate subsequent downstream signaling [1]. 
These adaptor proteins include MyD88, toll-interferon response factor (TRIF), 
TIR- domain- containing adaptor protein/MyD88 adaptor-like protein (TIRAP/
MAL) and TRIF-related adaptor molecule (TRAM) [37]. MyD88 is utilized by all 
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TLRs, except TLR-3, while TRIF is utilized only by TLR-3 and TLR-4 [1, 38]. 
Dimerization of receptors initiates the downstream signaling through the major 
adaptor proteins, MyD88 and TRIF, as the MyD88-dependent and MyD88-
independent (or TRIF- dependent), respectively. Both pathways, however, culminate 
in the activation of transcription factors, which consequently induce the expression 
of genes that produce proinflammatory agents, such as type 1 IFN and inflammatory 
cytokines.

3.2.1  MyD88-Dependent Signaling

In the MyD88-dependent pathway, receptor dimerization triggers the recruitment of 
TIRAP/MAL, which acts as a sorting adaptor for the subsequent recruitment of 
MyD88. Most TLR dimers utilize a sorting adaptor, except TLR-5 homodimer, 
which directly binds MyD88. Subsequently, MyD88 triggers a sequence of down-
stream events that results in the activation of NF-κB pathway and the mitogen- 
activated protein kinase (MAPK) pathways. However, the agents involved in these 
events may differ between the TLRs. An example of TLR-4 signaling via the 
MyD88-dependent pathway is elaborately discussed in Sect. 3.2.3.

3.2.2  MyD88-Independent (or TRIF-Dependent) Signaling

The TRIF-dependent pathway is exclusively utilized by the TLR-3 and also by the 
TLR-4, alongside the MyD88-dependent pathway. In this pathway, the bound recep-
tors recruit the sorting adaptor TRAM, analogous to TIRAP in the MyD88- 
dependent pathway, which facilitates the recruitment of TRIF subsequently resulting 
in a series of signaling events, which activate the IRF-3 pathway, as well as the 
NF-κB and the MAPK pathways [1, 39]. The TRIF-dependent signaling of TLR-4 
and TLR-3 is explained in Sect. 3.2.3.

3.2.3  Examples of TLR Signaling

TLR-3 and -4 signaling is elaborated here in order to delineate distinctions between 
pathways. For TLR-4, which functions via both pathways, the co-receptor CD-14 
assists by delivering the bacterial LPS ligand to TLR-4, which is already in complex 
with the accessory molecule, myeloid differentiation factor-2 (MD-2). This com-
plex dimerizes with another TLR-4/MD-2 complex and then recruits TRIF or 
MyD88 for intracellular signaling [39]. Representative schematic mechanisms of 
the MyD88-dependent and MyD88-independent pathways are illustrated in 
Fig.  11.2. In the MyD88-dependent pathway, the TLR-4/MD-2 complex recruits 
TIRAP and MyD88, as explained in Sect. 3.2.1, leading to the formation of the 
complex, Myddosome (MyD88, TIRAP, and the interleukin-1 receptor-associated 
kinase (IRAK) family). IRAK components activate TNF receptor-associated 
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factor- 6 (TRAF-6) and transforming growth factor-β-activated kinase-1 (TAK-1) 
protein kinase complex, which further leads to the activation of the IKK-NF-κB 
pathway and the MAPK pathway. These pathways proceed through a series of 
downstream events culminating in the translocation of NF-κB and activator protein 
1 (AP-1) into the nucleus to induce the expression of inflammatory genes [1, 39].

Alternatively, the MyD88/MD-2 complex bound to LPS is internalized and 
forms an endosome. The sorting adaptor TRAM is recruited, which in turn recruits 
TRIF. TRIF recruits either TRAF-6 or TRAF-3, which upon activation stimulates 
TAK-1 and NF-kB pathways (in a similar manner to that of MyD88) or recruitment 
and activation of TRAF family member-associated NF-kappa-B activator (TBK-1) 
and IKKε, respectively. This complex catalyzes the phosphorylation of IRF-3, 

Fig. 11.2 Intracellular signaling mechanisms of TLR-4 (membrane-bound and endosomal) and 
TLR-3 (endosomal) via the MyD88-dependent and MyD88-independent pathways
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which moves into the nucleus and activates genes responsible for the production of 
interferon-β [39].

In the case of TLR-3, TRIF recruits another adaptor molecule, the receptor- 
interacting protein-1 (RIP-1). RIP-1 activation is accompanied by the recruitment of 
TNF receptor type 1-associated death domain (TRADD) and Pellino-1, an E3 ubiq-
uitin ligase. This complex activates TAK-1, leading to the stimulation of MAPK and 
NF-kB pathways. TRIF also activates IRF3 and production of interferon-β. For this, 
TRIF recruits TRAF-3, which in turn recruits and activates TBK-1 and IKK-i. This 
complex activates IRF-3, which translocates to the nucleus, and activates genes 
responsible for the production of interferon-β [39].

3.3  Structure–Activity Relationship Between TLRs and Its 
Ligands

In previous sections, we have discussed the structure of TLR, their binding to vari-
ous ligands and their signaling mechanisms. In the following sections, we will dis-
cuss natural and synthetic ligands targeting TLRs, as well as several classes of drugs 
that have been developed to regulate the activity of TLRs during disease conditions. 
Also, with the help of modern technologies, it is possible to enhance the effects of 
these drugs, thereby making better quality therapeutics. The structure–activity rela-
tionship (SAR) studies are one such approach that involves studying the effect of 
structural modifications of a drug on its activity. In the case of TLRs, such structural 
modifications aid in improving recognition or binding of the drug to TLRs, conse-
quently upregulating or downregulating the activation of genes responsible for 
the release of cytokines, depending on whether the drug is an agonist or antagonist. 
In this section, we showcase some attempts made to improve the therapeutic effects 
of TLR-targeting drugs through SAR studies.

3.3.1  SAR Studies on Lipoproteins and Lipopeptides

Lipoproteins and lipopeptides induce signaling through TLR-2/TLR-1 heterodimers, 
as stated in Table  11.1. A study by Spohn et  al. involved screening of a lipo- 
hexapeptide amide collection during combinatorial analysis. Investigations were 
performed on the structural elements of various lipopeptides to induce the release of 
interleukin 8 (IL-8), via activation of TLR-2. In the in vitro IL-8 induction assay, 19 
proteinogenic amino acids in the peptide moiety of the Pam3Cys-lipopeptides that 
bind to TLR-2 led to an increase in activity [40]. In another study involving modifi-
cations of lipopeptides, acylation was performed at the N termini of the bacterial 
lipoproteins, using (S)-(2,3-bisacyloxypropyl) cysteinyl residue. These modified 
lipopeptides activated the heightened innate immune responses through TLR-2, 
without leading to toxicity in animal investigations [41].
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3.3.2  SAR Studies on TLR-4 Antagonists and Agonists

Molecular modeling studies related to the synthesis of TLR-4 antagonists having a 
glucosamine core, linked to two phosphate esters and two linear carbon chains, 
indicated that antagonists containing 10, 12, and 14 carbon chains led to a stable 
MD-2/TLR-4 complex. They were represented as C10, C12, and C14, respectively. 
On the other hand, the C16 variant, having 16 carbon chains, did not form a stable 
complex with MD-2/TLR-4. During the MyD88-dependent pathway, the TLR-4 
binds to its ligand, LPS, with MD-2 and co-receptors and recruits TIRAP and 
MyD88, as explained in Sect. 3.2. In this case, due to modifications in the C16 vari-
ant, it inhibited the LPS-stimulated TLR-4 signaling [42]. In an alternative study, 
the length of the acyl chains attached to the aminoalkyl glucosamine phosphate 
groups, which play a critical role in the agonist activity of TLR-4 receptors, was 
varied. The aminoalkyl glucosaminide phosphates, which mimicked the lipid A 
compounds, could be modified by varying the length of the secondary acyl chains, 
wherein the secondary acyl chains containing less than eight carbons were shown to 
have drastically reduced activity [43].

3.3.3  SAR Studies on TLR-7 and TLR-7/8 Antagonists and Agonists

TLR-7-agonistic imidazoquinolines were used as vaccine adjuvants. Minor changes 
in the structure of these compounds led to antagonistic effects, which were useful 
for managing conditions such as the immune exhaustion observed in patients with 
human immunodeficiency virus (HIV) infection. Modifications in the secondary 
amine of the C2 ethylaminomethylene side chain, in one of the compounds, were 
not tolerated. The retention of 4-amino groups played important roles in maintain-
ing the activity. For example, replacement of the imidazole ring of the scaffold, with 
triazole or cyclic urea, led to a complete loss of activity [44].

In one study conducted, the importance of imidazo groups in imidazoquinolines 
was studied for their agonistic activity on TLR-7/8. Here, pyridoxal was used as an 
aldehyde component, which resulted in the formation of various furo[2,3-c]pyridine- 
based compounds, instead of imidazo(1,2-a)pyridines. The structure and activity of 
each compound were then assessed. Results showed that these new compounds con-
taining furo groups were capable of activating TLR-8 via the NF-κB signaling path-
way, similar to their imidazo counterparts. Further, within this library of furo[2,3-c] 
pyridines, a different relation was observed with respect to the activity, when the 
substituents at the C2 position were modified. For example, in human peripheral 
blood mononuclear cells (PBMCs), these compounds did not induce the release of 
proinflammatory cytokines, like most other agonists; however, they upregulated 
several genes responsible for the release of chemokines [45].

These and many other studies demonstrate that by inducing structural modifica-
tions and evaluating their impact on activity, the repertoire of TLR-targeting ligands 
can be largely expanded. This can aid in the development of more effective drugs 
and possibly even new compounds for TLR-mediated therapy.
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3.4  TLR Antagonists

An uncontrolled release of proinflammatory cytokines, upon TLR activation, can 
lead to severe inflammatory conditions such as septic shock. Certain autoimmune 
conditions also involve unregulated release of cytokines, upon TLR stimulation. 
Thus, modulation of the activity of TLRs is crucial in order to effectively control the 
pathogen, while simultaneously preventing excessive inflammation. TLR antago-
nists decrease such inflammatory responses by inhibiting or suppressing the signal-
ing pathways, and can thus be used to control conditions such as autoimmune 
disorders and inflammation. Several approaches have been explored for blocking 
the TLR signaling pathway [46]. In this section, we have discussed a few examples 
of the TLR antagonists and have briefly described their mechanisms of action.

3.4.1  TLR-2 Antagonists

Dysregulated PAMP/DAMP recognition by TLR-2 can result in the release of 
inflammatory cytokines, which can result in the onset of autoimmune and inflam-
matory diseases. TLR-2 antagonists are useful in such cases to control inflamma-
tion. An example of a TLR-2 antagonist is OPN-305, which is a humanized TLR-2 
antagonistic antibody, that prevents ischemia–reperfusion (I/R) injury associated 
with organ transplantation [46]. In T-cell and/or monocyte-activated pathological 
conditions, OPN-305 acts by inhibiting the TNF-α secretion from the macrophages, 
by preventing the activation of TLR-2 and TLR-4 in response to the lipoteichoic 
acid and LPS [46].

In some cases, computer-aided screening studies have been performed to eluci-
date the BB loop pocket within the TLR TIR domain, which is critical for mediating 
certain protein–protein interactions. The computer screenings identified an antago-
nist, C29, and its derivative ortho-vanillin, both of which blocked the interactions of 
TLR-2 and MyD88 [47]. Another example of a TLR-2 antagonist is the tumor sup-
pressor protein, cylindramatosis protein (CYLD), which inhibits TRAF-6 and 
TRAF-7 induction in the TLR-2 signaling pathway. Thus, it reduces TLR response 
such as the secretion of tumor necrosis factor superfamily member 10 (TNFSF10), 
which is a type of cytokine produced during inflammation. It also stabilizes IκB-α, 
which prevents the activation of NF-κB and hence causing subsequent downregula-
tion of the immune responses [48].

3.4.2  TLR-3 Antagonists

Severe pathogenesis and death during viral infections can occur as a result of dys-
regulated TLR-3-mediated immune response. TLR-3 antagonists reduce activation 
of NF-kB and subsequently reduce IFN-γ production, thus help in curbing such 
undesired effects. Certain monoclonal antibodies have been used as TLR-3-specific 
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antagonists as a result of their ability to reduce NFκB activation, subsequently 
reducing the production of cytokines such as IL-6 and IFN-γ [125,124]. Another 
example of a TLR-3 antagonist is an inducible cytoplasmic protein, A20, which 
inhibits TNF-α-induced NF-κB activity [49] It also plays an important role in LPS- 
induced signaling and thus downregulates the innate immune responses. Accurate 
delivery to the endosomal compartment through carriers/conjugates possessing effi-
cacy in safety can be evaluated for TLR-3 antagonists that are currently in clinical 
trials, such as the A20.

3.4.3  TLR-4 Antagonists

TLR-4 is primarily involved in Gram-negative bacterial infections and modulation 
of its activity is crucial in order to avoid excessive inflammatory responses. One 
such example of TLR-4 antagonist is the TLR-4 homolog, the radio-protective pro-
tein 105 (RP105), which has conserved extracellular leucine repeat. This repeat 
lacks a TIR domain and has 6–11 amino acids that are intra-cytoplasmic [50]. 
RP105 forms a complex with MD-1, which then interacts directly with the TLR-4, 
inhibiting its binding to the LPS [48]. Another such example is that of VIPER 
(derived from vaccinia virus protein A46), a novel peptide inhibitor, which inhibits 
TLR-4 signaling via preventing the TIR–TIR domain interactions [51].

Opioid ligands, such as morphine, serve as crucial ligands for neuroinflamma-
tory responses. Morphine is recognized by TLR-4 and elicits a strong proinflam-
matory response. Blocking the TLR-4-MD2 complex using antagonists would 
thus aid in treating the morphine-induced proinflammation. SAR studies were 
used to design small molecule inhibitors of the TLR-4/MD-2 complex, which 
could potentiate morphine analgesia and block opiate-induced TLR-4 activation. 
The dextro- enantiomers of the opioid/TLR-4 antagonists like naltrexone, nalox-
one, and nalmetrene are thus used for the treatment of neuropathic and nocicep-
tive pain [46].

3.4.4  TLR-5 Antagonists

Flagellin, a protein present on the bacterial flagella, is a natural agonist for TLR-5. 
It induces proinflammatory cytokines, like NF-kB, which leads to inflammation. 
Thus, treatment with synthetic antisense oligonucleotides, using complementary 
base pairing mechanism, was used to mediate downregulation of human TLR-5 
gene expression, thereby keeping inflammation in check. Antagonists in the form of 
immunomodulatory compounds, targeting the TLR-5-flagellin binding interface, is 
an unexplored area due to the difficulty in disrupting the protein–protein interac-
tions [52]. However, recently, a small-molecule inhibitor, TH1020, was observed to 
bind to the TLR-5 with high affinity and disrupted its association with the TLR-5 
flagellin [53].
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3.4.5  TLR -6, -7, -8, and -9 Antagonists

Inflammation in the central nervous system is regulated by the TLRs -6, -7, -8, 
and -9. The TLRs present on the glial cells act as a crucial target for TLRs modu-
lation, to control the inflammation. One study reported that (+)-Morphinan com-
pounds bind to the TLR-9 blocking activation of glial cells. Another opioid 
antagonist for TLR-9 receptor, COV08-0064, showed greater bioavailability and 
specificity for TLR-9, than (+)-Morphinan [54]. Yet another opioid, naltrexone 
(LDN), which acts by inhibiting the TLR-9 signaling, was explored in lower doses 
to treat diseases like multiple sclerosis and Crohn’s disease [55].

In an alternative study, immunoregulatory oligonucleotides (IROs) were explored 
as TLR-7 and/or TLR-9 inhibitors. These were designed to contain 2′-O-methyl or 
methoxyethyl sugar modifications, which have unique inhibitory sequences for 
TLR-7, -8, and -9, and were developed for suppression of autoimmune diseases, as 
well as inflammatory diseases [46]. They blocked TLR activation through targeting 
the different domains of the TLRs and hence indirectly inhibited the activation of 
several TLRs.

Another synthetic TLR-7 antagonist, E5531, was derived from the structure of 
Rhodobacter capsulatus endotoxin, which is a first-generation lipid A antagonist. 
The role of this synthetic antagonist has been mentioned in Sect. 3.5.2. The 
2′-O-methyl-modified RNA part of E5531 drug reduced the production of IFN-α 
and IL-6  in TLR-7 agonist-treated murine dendritic cells, human PBMCs and in 
mice as mentioned in the earlier paragraph. It was thus considered to be a potent 
TLR-7 antagonist [56].

3.5  Natural and Synthetic Ligands of TLRs

Pathogens and dead or dying cells from within our own body constitute natural 
ligands. However, ever since TLRs gained reputation in immune responses, several 
synthetic ligands have been developed, and many more are under development, 
which have been designed to specifically bind TLRs or TLR signaling molecules, in 
order to either elicit an inflammatory response or curb it. In the following sections, 
we discuss examples of natural and synthetic TLR ligands, along with their mecha-
nisms of action.

3.5.1  Natural Ligands for TLRs

The natural ligands of TLRs are the inherently occurring extracellular or intracel-
lular features on foreign or endogenous cells. As outlined in Table 11.1, some TLRs 
recognize bacteria, protozoa, and fungi through surface-borne patterns, while other 
TLRs identify viruses through signature sequences in their genetic material.

11 Toll-Like Receptor-Mediated Endocytosis in Infectious Disease



338

TLR-2 identifies diacylated and triacylated lipoproteins, present on the cell enve-
lope of bacteria, by the acylated N-terminal cysteine residue. TLR-2 itself cannot 
discriminate between these two classes of lipoproteins, but is able to do so upon 
hetero-dimerization with TLR-6 and TLR-1, respectively. The TLR-2/TLR-6 het-
erodimer also detects fungi via the polysaccharide, zymosan [29]. LPS present on 
the surface of Gram-negative bacteria is the principal ligand for the TLR-4. Binding 
and signaling of LPS to TLR-4 are the most extensively studied TLR–ligand com-
bination and have been elaborately explained in Sect. 3.2 of this chapter. In addition 
to LPS, TLR-4 also binds with bacterial mannans and viral envelope proteins. The 
TLRs also bind to a range of endogenous molecules originating from apoptotic cells 
mostly including extracellular matrix components, such as fibrinogen, fibronectin, 
hyaluronan fragments, etc., primarily by TLRs-2 and -4. Like foreign ligands, the 
TLRs-3, -7, -8, and -9 detect nucleic acid material from the host cells such as siRNA, 
mRNA, etc. [57]. Mammalian DNA and RNA form immune complexes and are 
highly potent self-antigens to the TLRs-7 and -9, resulting in induction of autoim-
mune diseases such as SLE. The TLRs-7 and -8 bind to their respective ligands, 
synergistically, that is, a single guanosine or its derivatives binds to one site on the 
TLR-7, while the ssRNA binds to the second site. Although guanosine binding is 
sufficient to induce receptor dimerization, the subsequent binding of ssRNA 
enhances the affinity for guanosine. The TLR-8 functions in a similar way, except 
that uridine is the preferred ligand in the first binding site. None of the two ligands, 
alone, can activate the TLRs-7 and -8 [58].

3.5.2  Synthetic Ligands for TLRs

Synthetic ligands that target TLRs are chemically synthesized to structurally mimic 
a natural ligand that is known to stimulate or block TLR signaling. Therapeutic 
applications of TLRs, till date, have included such synthetic TLR ligands modified 
to improve their activity [23]. The development of synthetic ligands stems from the 
need to develop a strong acquired immunity to various infections and thus these 
have been mainly developed for use as adjuvants in vaccines (elaborated in Sect. 
3.6.1). Most synthetic ligands target the TLRs-2, -4, and -9. The monophosphoryl 
Lipid A (MPL™) developed by Corixa, USA, is once such adjuvant that is derived 
from the LPS of Salmonella minnesota R595 and stimulates TLR-4 signaling. Since 
LPS is toxic and can cause a hyper-immune reaction, LPS containing only a single 
phosphate group, monophosphoryl lipid A (MLA), was isolated and was found to 
be less toxic and pyrogenic and eventually led to the development of the MPL adju-
vant, widely used in vaccines today. Various other synthetic lipid A mimetics have 
also been developed [59].

The TLR-9 is known to be stimulated by CpG motifs on nucleotides. One study 
showed that synthetic CpG oligodeoxynucleotide (ODN) agonists increased the 
production of hybridoma cells from memory B cells by 30–100%, as compared to 
1–2% without them. CpG ODN-targeting of the TLR-9 has been utilized in vaccines 
via mucosal, conjunctival, and transcutaneous routes [60].
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3.6  Strategies for Targeting the TLRs

Genetic studies provide convincing evidence that the TLRs make important thera-
peutic targets as their role in numerous diseases, ranging from infections to can-
cers, has been sufficiently deciphered [61]. As a result, researchers worldwide have 
been focusing on developing novel strategies to target the TLRs for treating various 
diseases. In this section, we discussed a few strategies being developed as TLR-
based therapies.

3.6.1  Adjuvants in Vaccines

The TLR ligands, in association with antigens, have been used as adjuvants for the 
development of novel vaccines. Coupling the TLR ligands with antigens and admin-
istering them simultaneously stimulates immune responses by allowing the antigen- 
presenting cells (APCs) to distinguish between the complexes and the self-apoptotic 
bodies. This enhances the presentation of antigens by the major histocompatibility 
complexes (MHCs), increases the uptake of the antigen–ligand complexes by the 
immune cells and prevents the overuse of adjuvants [62]. Furthermore, TLR ago-
nists are also being conjugated with cationic liposomes to produce enhanced vac-
cine adjuvants, which will elicit cross-presentation by MHC class I molecules to the 
CD8-T cells [63]. Also, the TLR ligands activate the CD8 memory cells, which 
presents the possibility of combining the TLR ligands with agonists, to boost the 
memory T-cell responses [64]. Some examples of antigen–adjuvant complexes tar-
geting TLRs are described below.

Lipopeptides containing Pam3Cys, Pam2Cys, or lipo-amino acids are the most 
utilized ligands that serve as adjuvants for TLR-2. Pam3Cys and Pam2Cys are rec-
ognized by the TLR-1/2 and TLR-2/6 heterodimer complexes, respectively, and are 
used to induce dendritic cell maturation, T-helper immune cell responses and cyto-
toxic T lymphocyte-mediated immune responses [65]. They have also been com-
bined with the tumor-associated carbohydrate antigens (TACAs), which can be 
employed as antitumor vaccines [66].

The monophosphoryl Lipid A (MPL™), described in Sect. 3.5.2, is the most 
widely used adjuvant in vaccines targeting TLRs. Further, GM3, a TACA expressed 
by tumor cells, chemically linked to MPL, has been observed to accelerate the pro-
duction of IgM and IgG antibodies providing rapid resistance against infections like 
listeria and influenza [67].

Vaccines containing recombinant flagellin stimulate a strong immune response 
via TLR-5. For example, the recombinant flagellin–ovalbumin (OVA) fusion pro-
tein (STF2.OVA) elicits antigen-specific B- and T-cell responses [68]. This has been 
used for developing vaccines against the malarial species, Plasmodium vivax and 
Plasmodium yoelii and also vaccinia virus [69–71]. VAX102, a recombinant fusion 
protein that carries influenza antigen M2e and the C terminus of flagellin, was 
combined to form an influenza A vaccine [72].
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Synthetic oligonucleotides (ODNs) having unmethylated CpG motifs (CpG ODN) 
function via the TLR-9-mediated dendritic cell activation, which induces antigen-
specific antibody responses and T-helper cell 1 and 2 immune responses [73]. For 
example, the vaccine CpG 7909, marketed as Vaximune™, increases immune 
response by enhancing the T-helper cell-based cytokine response and the CTL 
responses and increases IFN-γ production [105].

These examples illustrate that TLR-based adjuvants are effective immunothera-
peutic agents in vaccine development. Further, targeting TLR signaling is anticipated 
to boost the vaccine efficacy and will generate avenues for further research.

3.6.2  Prodrugs and Drug Complexes

A prodrug is an inactive form of a drug, which is metabolized by enzymes in the 
body to an active form. This approach is used to increase the bioavailability of 
poorly soluble drugs, and is thus most suitable for oral drugs that exhibit limited 
bioavailability due to first-pass metabolism. TLR-targeting prodrugs can act as ago-
nists or antagonists, for example, isatoribine activates TLR-7 and regulates the 
expression of proinflammatory genes [48].

Prodrug complexes of oligonucleotide-based antagonists to TLR-7/8 and TLR-9 
induce a broad range of cytokines. An example is that of imiquimod, which has the 
ability to activate TLR-7 and resiquimod that has an ability to activate TLR-7- and 
TLR-8-mediated signaling. Imiquimod enhances T-cell responses, which are found 
to be antigen-specific, and thus results in antibody secretion. Prodrugs of imiqui-
mod and resiquimod, namely R-848 (Resiquimod) or R-837 (imiquimod), respec-
tively, thus demonstrate broad-spectrum antiviral activity [74].

Thus, such prodrugs are useful antiinfective, antiviral agents, and antitumor 
agents, since they have better activity than their original drug counterparts [75].

3.6.3  Nanocarriers and Drug Complexes

Nanodevices such as nanoparticles act as carriers for drugs and interact with cells or 
tissues, where the drugs need to be transported. Nanocarriers have the advantage of 
better bio-distribution and sustained circulation, due to their favorable nanometric 
sizes [76, 77]. Such nanocarriers may carry drugs that modulate TLR signaling and 
thus prove to be a useful strategy for conditions such as sepsis or inflammation, 
where nanoparticles loaded with TLR inhibitors can dampen the intensity of TLR 
signaling in a controlled-release manner. Therefore, nanocarriers are a promising 
next-generation remedy for improved TLR targeting.

One such approach involved the fusion of a high density-like nanoparticle (HDL- 
like NP) consisting of a gold NP core and a modified HDL coating [78]. The HDL- 
like NPs inhibited the TLR-4 signaling that was triggered by various LPS sources 
and Gram-negative bacteria when the experiments were performed in human cell 
lines and exhibited higher antiinflammatory activity. In another approach, TNF-α- 
bound to gold nanoparticles (GNPs) were developed by CytImmune Sciences, Italy. 
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Such GNP-based formulations acted as potential agents for downregulating the 
TLR-4 expression and LPS-induced NF-kB activation. A new GNP-glycolipid for-
mulation was developed that comprised a cationic glycolipid coat, which binds to 
CD14, and the TLR-MD2 pocket inhibited the LPS-induced TLR-4-MD2 activation 
and was thus shown to be an effective strategy for reducing inflammation [79].

3.6.4  Regulation of TLR-Induced Inflammation

Upon infection by pathogens, the TLRs elicit strong inflammatory responses to 
eliminate the pathogen. If the infection cannot be controlled by a local response, a 
systemic response is initiated, which includes the release of IL-1, TNF-α, and other 
cytokines. Sometimes, a dysregulated inflammatory response occurs, which may 
give rise to serious conditions such as autoimmunity and septic shock, and can occa-
sionally result in death [80]. A prime example is the induction of septic shock 
caused by excessive release of IL-1, IL-6, and TNF-α, due to high levels of bacterial 
LPS in the blood [81]. Septic shock is often fatal even after treatment with antibiot-
ics, while those who survive become immuno-compromised. Thus, although the 
release of proinflammatory agents is required to prevent a disease state, their pro-
longed release needs to be restrained in order to prevent adverse effects.

Several negative regulations of the TLR signaling pathways are already in place. 
For example, in addition to the proinflammatory cytokines, LPS induction also 
stimulates the release of antiinflammatory cytokines, such as IL-10 and transform-
ing growth factor-β (TGF-β), and activates the hypothalamus–pituitary axis, leading 
to the release of corticosteroids [80]. The cumulative effect of these negative regula-
tors leads to a phenomenon known as the “LPS tolerance,” where repeated or pro-
longed exposure to nonlethal doses of LPS results in resistance to the shock induced 
by a subsequent lethal dose, with reduced inflammatory response by cytokines [82]. 
Such tolerance is mediated by the cells of the reticuloendothelial system (RES), 
such as the macrophages. These cells are responsible for the initial pyrogenic 
response, as well as the following nonpyrogenic response.

Therefore, although TLR induction is a very crucial requirement for eliciting an 
immune response toward foreign invasion, the intensity of the response needs to be 
controlled. Though inherent negative control mechanisms exist, immunemodulators 
such as TLR antagonists may be required to curb the undesirable effects. Such regu-
lation is even more critical in conditions such as autoimmune disorders, as uncon-
trolled TLR responses can lead to sepsis and even death.

4  Preclinical and Clinical Investigations on TLR-Targeting 
Compounds

The TLR agonists and antagonists exhibit immense therapeutic potential as a stand- 
alone or a combination therapy based on their ligands, as chemotherapeutics, adju-
vant small molecules, and antibodies that may be administered via different routes. 
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Various preclinical and clinical trials are being conducted for establishing the safety 
and efficacy of the TLR-based therapeutics. Results from these trials have high-
lighted the release of TLR-activating DAMPs, by the perishing cancer cells, leading 
to the stimulation of anticancer immune responses. Also, several TLR agonists have 
been approved as therapeutic interventions by the US Food and Drug Administration 
(FDA) and other agencies. For example, bacillus Calmette-Guerin (BCG) has been 
licensed for the treatment of carcinomas of bladder [83], imiquimod has been 
approved for the topical treatment of actinic keratosis [84], monophosphoryllipid A 
(MPL) is being used against cervical carcinoma, etc. [85, 86].

The TLR agonists that are administered intravenously and which are currently in 
clinical trials mainly target the TLRs-7 and -9. Modification of the oligonucleotide 
backbone of CpG ODNs, by converting the natural phosphodiester bond to a phos-
phorothioate bond, stabilizes these molecules. These have been shown to prolong 
the survival of dendritic cells precursors, promote NK cell-mediated lysis, and 
induce the proliferation of B cells via TLR-9 when administered in mice [87].

A strategy to protect the ssRNA that is recognized by TLR-7 that has stabilized 
and increased its efficacy is through its complexation with lipoplexes or the polyca-
tionic peptide, protamine. Administration of these complexes in mice was observed 
to stimulate the peripheral and intra-tumoral NK cells and lead to increased IFN-α 
production [88]. Both of these complexes are in preclinical stages and have been 
replaced by another successful molecule, namely 852A, which possesses improved 
stability for intravenous administration [89]. 852A or (N-[4-(4-amino-2-ethyl-1H- 
imidazo[4,5c]quinolin-1-yl)butyl] methanesulfonamide, 3M-001) is a synthetic 
TLR-7 agonist that is related to imiquimod and has been administered in patients 
diagnosed with advanced cancers, that is, in patients with retinal cell carcinoma and 
melanoma during Phase I and Phase II clinical trials [90].

The most common TLR-3 agonist, the polyribosinic: polyribocytidylic acid con-
sisting of uracil and guanosine residues (poly[I:C12U]) is a synthetic dsRNA trade-
marked as Ampligen. This product was observed to induce T-helper-1 cells and 
IL-12 production; during Phase I clinical trials, it was found that the patients exhib-
ited lower frequency of developing category C HIV infection [91].

Subcutaneous injection of Mycobacterium bovis bacillus Calmette-Guerin 
(BCG), which is used as a preventive vaccine for tuberculosis and bladder cancer, 
stimulated the TLR-2. BCG induced TNF-mediated apoptosis that promoted a 
delayed progression of bladder cancer. A combination therapy, consisting of IFN- 
α2b and BCG, was used in clinical studies against bladder cancer. It was found that 
this combination therapy was effective in many patients who possessed a high risk 
for disease recurrence. It was noted that approximately 55% of the patients could be 
rendered disease-free by treatment with the combination. Hence, larger Phase II and 
Phase III trials of this drug combination are currently ongoing [92].

Various small molecule inhibitors (SMI) that inhibit signal transduction of the 
TLRs are in preclinical and clinical trials. Chloroquine (CQ) and hydroxychloro-
quine (HCQ) that target the TLRs-7, 8, and 9 and are associated with autoimmune 
disorders, that is, arthritis and systemic lupus erythematosus (SLE) are being evalu-
ated in animal studies. These SMIs, which are amphipathic in nature, can cross the 
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cell membranes because of their small size and interfere with the TLRs signaling 
pathways. They act as weak bases and tend to accumulate in the acidic intracellular 
compartments like endosomes and lysosomes, thereby altering the pH in these ves-
icles. This lowering of the pH leads to inhibition of the autoantigen presentation and 
decrease in cytokine production. In preclinical studies, administration of CQ in 
ischemic rats demonstrated improved cerebral ischemia symptoms and thus indi-
cated the potential of CQ in patients with cardiovascular diseases. HCQ was also 
shown to suppress hypertension and aortic endothelial dysfunction in an SLE ani-
mal model. These studies suggest that the SMIs are potential drugs for treating a 
wide range of inflammatory and autoimmune diseases [93, 94].

NI-101 is an anti-TLR-4 antibody that has entered the clinical development 
phase. This antibody blocks the TLR-4 dimerization and prevents flu-like symptoms 
against LPS, which is a ligand for the TLR-4. NI-101 is also employed in rheuma-
toid arthritis patients [95].

Oligonucleotides that act as TLR antagonists are being mainly employed for 
inflammatory disorders. Some of the oligonucleotides that are in preclinical and 
clinical phases of development include IRS-954, DV-1179, and IMO-3100. These 
act against TLR-7/9, and prototypes like IRS-661, which is TLR-7-specific, and 
IRS-869, which is TLR-9-specific, have been marketed by Dynayax Technologies, 
California, USA, for SLE. They are found to inhibit the production of IFN-α, by 
human plasmacytoid predendritic cells, against the DNA or RNA of viruses and 
immune complexes in SLE patients [21, 96].

A special class of drug Eritoran (E5564), which is a synthetic lipid A analog of 
Rhodobacter sphaeroides, is in the clinical development stage. In Phase I clinical 
trials, administration of eritoran rapidly decreased IL-6 and TNF-α levels in the 
blood, while in Phase II clinical trials, it reduced the mortality rate of critically ill 
septic patients [97].

Although the TLR-based agonists and antagonists that act against specific ligands 
have shown great promise, they have not yet been established for administration. 
Combinatorial therapies may have to be developed to decelerate the immune reac-
tions upon their administration at nonspecific sites. Moreover, their toxicity and 
dosing regimens are still under investigation, thus postponing their application in 
clinics.

5  Limitations of TLR-Mediated Therapy

There are several limitations of the TLR-based therapeutics that are mainly due to 
their undesirable immunological effects, their short half-life and their suboptimal 
delivery at the target sites. As discussed in Sect. 3.6.4., regulation of TLR induction 
is vital in order to avoid adverse effects, as uncontrolled stimulation can lead to 
severe inflammation, sepsis, and even death. It is thus necessary for the TLR-based 
therapeutics to effectively eliminate the pathogens, while at the same time prevent 
exacerbation. Thus, not all TLR-targeted drugs have been successful in clinical 
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trials. For example, the use of the CpG ODNs was limited to Phase I trials, as it 
caused serious adverse events, including loss of various types of blood cells, that is, 
anemia, thrombocytopenia, and neutropenia [98]. E5564, which is a TLR-4 antago-
nist candidate, failed in the Phase II clinical trials, as it did not reduce the mortality 
rates of patients [99].

In another study, an intracranially administered CpG-based agonist of TLR-9 
developed for patients with recurrent glioblastoma was withdrawn, as it was 
observed that patients suffered from severe neurological conditions and fever. 
Furthermore, another drug candidate, CpG 7909, employed against non-small-cell 
lung cancer (NSCLC), was also withdrawn, as it was observed that almost all the 
patients developed severe hematologic toxicity [100].

A potential TLR-7 targeting drug, 852A, thought to be a more potent activator of 
TLR-7 than imiquimod, was employed for the treatment of advanced cancers like 
the renal cell carcinoma and melanoma in Phase I and Phase II clinical trials. This 
candidate, although possessed highly desirable formulation properties and lower 
metabolism than imiquimod, displayed adverse effects in Phase I clinical trials, 
such as fever and fatigue.

Another major limitation is the routes of administration of these newer drugs and 
subsequently their nonspecific targeting. As intravenous administration delivers the 
drugs throughout the body, they also often affect the healthy tissues. Orally admin-
istered TLR agonists have not achieved clinical success due to their low bioavail-
ability and hence, lower therapeutic efficacy. For example, studies conducted with 
oral imiquimod formulations revealed a plethora of adverse reactions like vomiting, 
hepatic and renal impairment, fatigue, lymphopenia, and fever. In order to combat 
these side effects, two derivatives were developed, that is, ANA975 and 
852A. However, trials for both ANA975 and 852A were discontinued, as they were 
unable to induce sufficient cytokine production and consequently displayed inade-
quate therapeutic indices [100].

Therefore, the future success of the TLR-based therapeutics depends on appro-
priate optimization of the dosage and dosing regime, SAR studies for the formula-
tions of more effective drug derivatives, and trials with newer formulation strategies 
(e.g., lipid encapsulation and with homing peptides) and delivery routes.

6  Conclusion

Owing to their importance in disease progression and prevention, targeting the 
TLRs has become a pioneering therapeutic strategy for a range of diseases, includ-
ing infections, cancers, and autoimmune disorders. Several agonists and antagonists 
have been developed to target TLRs, and are being evaluated through various for-
mulations such as vaccines, nanocarriers, and prodrugs. Although only a few candi-
dates have been approved for therapy, many more are still in the preclinical and 
clinical pipeline. As discussed in the later sections of this chapter, the regulation of 
TLR-mediated signaling is of great importance. While SAR studies can help in 
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developing better activators, merely focusing on improving the potency of a TLR 
inducer is unwise, as higher activities are usually accompanied by the uncontrolled 
release of proinflammatory cytokines, which can result in adverse reactions. Another 
area that demands more focus is the search for more appropriate administration 
routes. Alternative routes to oral and intravenous, such as mucosal delivery, need 
more attention. Finally, the dosing regimen of such drugs should also be carefully 
designed in order to avoid toxicity.

In conclusion, although TLRs prove to be highly promising targets for a wide 
range of diseases, the strategies adopted to target TLRs need significant optimiza-
tion. Investment of additional efforts to address the abovementioned limitations will 
help in rendering the TLR-based therapeutics as the mainstay in the treatment of a 
large range of diseases.
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Chapter 12
Asialoglycoprotein Receptor and Targeting 
Strategies
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and Padma V. Devarajan

Abstract The asialoglycoprotein receptor is a calcium-dependent, carbohydrate- 
specific, type C lectin, which is majorly present in the plasma membrane of liver 
cells (hepatocytes). The high liver specificity, efficient internalization rate, and 
ready accessibility to the vasculature present great potential of this receptor for use 
in site-specific targeting of nano-delivery systems for diagnostic and therapeutic 
applications in liver diseases with negligible nontarget toxicity. This chapter pro-
vides a detailed discussion on the receptor expression, structure, binding, ligands, 
and asialoglycoprotein receptor-mediated hepatocyte-targeted delivery systems. It 
also discusses the clinical relevance of the receptor in numerous liver afflictions 
along with its application in liver diagnostics.
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AIH Autoimmune hepatitis
ApoE Apolipoprotein E
ASGP-R Asialoglycoprotein receptor
asODN Antisense oligonucleotides
ASOR  Asialoorosomucoid  AuNPs@PDA  Gold nanoparticles@

Polydopamine
BDICA Triiodobenzene compound
BNLCL2 Mouse embryonic liver cells
BSA Bovine serum albumin
C4-Chol  Cholesten-5-yloxy-N-(4-((1-imino-2-d-thiogalactosylethyl)amino) 

butyl)formamide
CDE Cyclodextrin conjugated PAMAM dendrimer
CMC Carboxymethyl chitosan
CMD Carboxymethyl-dextran
CPDC Cationic polycarbonate diblock copolymer
CRD Carbohydrate recognition domain
CTG Cholesterylated thiogalactoside
DDMAP Dimyristoyl diacyltrimethylammonium propane
DOX Doxorubicin
DPEA Dioleoylphosphatidyl ethanolamine
DTPA Diethylenetriamine pentaacetic acid
EGFR-ERK  Epidermal growth factor receptor-extracellular signal regulated 

kinases
Gal Galactose
GalNAc N-acetylgalactosamine
GDPA Gadolinium diethylenetriamine pentaacetic acid
GO Graphene oxide
H-bond Hydrogen bond
HBV Hepatitis B virus
HCC Hepatocellular carcinoma
HepG2 Hepatocellular carcinoma cell line
HSA Human serum albumin
IgA Immunoglobulins A
IL Interleukin
KC Kupffer cell
LA Lactobionic acid
Lac Lactosaminated
LDL Low-density lipoproteins
LSP Liver-specific protein
MHV Mouse hepatitis virus
MRI Magnetic resonance imaging
N-HPMA N-(2hydroxypropyl) methacrylamide
N-LDLPTA N-lactosyl-dioleoylphosphatidylethanolamine
NPs Nanoparticles
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p(VLA-co-VNI-co-V2DTPA)  Poly(vinylbenzyl-O-b-D-galactopyranosyl-D-
gluconamide)-co-N-p-vinylbenzyl-6-(2-(4-dimethyl-
a m i n o ) b e n z a l d e h y d e h y d r a z o n o )
nicotinate-co-5,8-bis(carboxymethyl)-3-oxo-11-(2-
oxo-2-((4-vinylbenzyl)amino)ethyl)-1-(4-
vinylphenzyl)-2,5,8,11-tetraazatridecan-13-oic acid

PAA Poly(amidoamine)
PAE/PLGA Poly(β-amino ester)/poly(lactic-co-glycolic acid)
PEC Poly(ε-caprolactone)
PEG Polyethylene glycol
PEG-PEC Poly(ethylene glycol)-poly(ε-caprolactone)
PEI Polyethylenimine
PGA Poly-γ-glutamic acid
PGEA Poly(glycidyl-ethanolamine)
PLA Polylactic acid
PLGA Poly(lactic-co-glycolic acid)
PLL Poly-L-lysine
PNIPAm Poly (N-isopropylacrylamide)
PTX Paclitaxel
RBV Ribavarin
siRNA Small interfering RNA
SPECT Single-photon emission computed tomography
TAB Tetraacetylbromo
TNF Tumor necrosis factor
TPGS Tocopherol polyethylene glycol succinate

1  Introduction

Asialoglycoprotein receptor (ASGP-R) is a type C, carbohydrate-binding lectin, which 
mediates clearance of various defective plasma glycoprotein molecules from the body. 
These receptors also identify and bind to pathogen membrane glycoproteins to effi-
ciently clear them from circulation by receptor-mediated endocytosis and play a pivotal 
role in preventing hepatocyte infections, inflammation, and cancer [1]. The exclusive 
expression and high density of ASGP-R on the hepatocytes (1.35 × 108/g of liver) [2] 
with negligible extrahepatic presence suggest the receptor as ideal for targeted delivery 
with minimum concerns of nontarget toxicity. However, the success of designing tar-
geted therapy relies on a detailed understanding of the receptor and its physiology. 
Thus, this chapter initially provides an understanding of the receptor structure and biol-
ogy, its function and expression in normal state and diseased state, and receptor–ligand 
interactions, which can improve liver-targeting strategies. It further discusses the 
targeted drug delivery and diagnostic approaches utilized in the therapy of infec-
tious diseases and cancer in preclinical and clinical stages.
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2  ASGP-R Receptor Physiology

Cell surface carbohydrate lectins (protein that binds oligosaccharide chains) are 
known to orchestrate a variety of cellular and intercellular functions by specific 
recognition and binding to various receptors [3]. Of these, the first mammalian cell 
membrane-bound lectin receptor discovered was ASGP-R or “Ashwell–Morell 
receptor” which was identified in 1965 by Gilbert Ashwell and Anatol Morell [4]. 
During one of their studies on metabolism of a serum glycoprotein (ceruloplasmin), 
they found that modification of N-linked oligosaccharides by deleting the terminal 
sialic acid residues initiated their rapid clearance from circulation [3]. Today, after 
years of research, the role of ASGP-R has been extensively evaluated for its impli-
cations in various types of liver infections and cancers [3, 5].

2.1  Location

ASGP-R is dominant in the liver with abundant expression on sinusoidal, basolat-
eral membranes of mammalian parenchymal hepatocytes [6] with an approximate 
density of 100,000–500,000 receptors per hepatocyte [5, 7]. In vitro, various cell 
lines have been reported to express ASGP-R at varying density per hepatocyte, for 
example, human hepatoma cell line HepG2 (76,000), HepAD38 (17,000), HuH-7, 
HuH-6, hepatoma subclones, BNLCL2, and HuH-5-2 (~3000) [8]. Inside the 
hepatic cell, ASGP-R is generally associated with endocytic organelles and Golgi 
[9]. Minimal expression of ASGP-R is seen in extrahepatic locations, such as peri-
toneal macrophages, peripheral blood monocytes, dendritic cells, thyroid, intestinal 
epithelial cells, testes, primary renal proximal tubular epithelial cells [1], and on 
some extrahepatic origin tumor cells [10]. However, lower binding affinity to the 
extrahepatic ASGP-R makes it highly specific for hepatocyte targeting.

2.2  Function

The primary physiological function of ASGP-R is specific binding, endocytosis, 
and clearance of a wide range of circulating desialylated serum glycoproteins [4] by 
receptor-mediated endocytosis. Altered or reduced expression of this receptor 
results in elevated plasma levels of these glycoproteins. ASGP-R also plays an 
immunomodulatory role and promotes binding, cellular uptake, and clearance of 
major plasma proteins like transferrin, enzymes like alkaline phosphatase, immuno-
globulins (IgA), prothrombotic components, activated lymphocytes, fibronectin and 
platelets, hepatic low-density lipoproteins, chylomicron remnants, and apoptotic 
cells [6]. Thus, sialic acid removal facilitates identification and clearance of various 
kinds of defective molecules from the blood by the liver [11]. The specific 
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 localization and high density of ASGP-R on the liver cells and subsequent recognition 
and interactions with cellular components of pathogens play a pivotal role in prevent-
ing hepatocyte infections, inflammation, and cancer [1]. Thus, adequate function and 
density of the ASGP-R can protect hepatocytes against various disease-causing 
pathogens and toxins.

2.3  Pathophysiological Role of ASGP-R in Liver Diseases

Hepatotropic viruses can enter the hepatocytes through indirect virus/receptor inter-
action with IgA [12] or fibronectin [13], which is trapped by ASGP-R and triggers 
complement activation and uptake. Some enveloped viruses like hepatitis A [12], B 
[14, 15], C [16] and Marburg virus [17] have been reported to work as “opportunis-
tic endocytic ligands,” which bind to the ASGP-R proteins and undergo endocytic 
uptake. Inside the endosome, specific viral membrane proteins integrate into the 
host genome and facilitate replication and infection of the host leading to chronic 
viremia and liver inflammation [14]. S. pneumonia pathogen has been found to 
induce desialylation and ASGP-R-mediated clearance of platelets and coagulation 
factors from circulation to establish lethal thrombocytopenia seen in sepsis [18]. 
ASGP-R has also been studied for its potential involvement in tumor progression 
where it was shown to promote cancer metastasis by activating the EGFR–ERK 
pathway [19].

2.4  Immunological Role of ASGP-R in Liver Disease

Inflammation of liver is associated with immune cell activation, cytokine release, 
and induction of specific immune responses [11]. Cytokines have been reported to 
modulate expression, synthesis, and function of ASGP-R [6], where inflammatory 
cytokines (IL-1, IL-6, and TNF) demonstrated augmented synthesis of the receptor 
[20]. ASGP-R is also recognized to act as a self-antigen in the presence of inflam-
matory diseases, liver injury, or toxins. Poralla et al. [21] were the first to identify 
ASGP-R of human hepatocellular surface as a target for humoral and cell-mediated 
autoimmune reactions in autoimmune-type chronic active hepatitis (AI-CAH). 
Seminal studies by McFarlane et al. [22] identified ASGP-R as the major compo-
nent of liver-specific protein (LSP) with antigenic epitopes, which was known to 
induce autoimmune hepatitis (AIH). Several investigators reported generation of 
anti-ASGP-R antibodies in patients with chronic liver diseases [11]. Due to disease- 
specific variability in expression level of this receptor, researchers recommend 
ASGPR-based targeting strategies for disease management to be clubbed with 
ASGP-R level diagnosis to improve therapy [23]. Since anti-ASGP-R antibody 
levels correlate with ASGP-R density in liver disease [24], these antibodies provide 
clinical prediction of relapse of autoimmune disease [6].
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2.5  ASGP-R Expression in Liver Disease

Since ASGP-R is exclusively present in liver, its expression, synthesis, and binding 
activity are altered by liver inflammatory diseases [25, 26], liver injury, diabetes 
[27], and toxins [1]. In normal hepatocytes, ASGP-R orients toward the sinusoidal 
and basolateral membrane. In contrast, during liver inflammation, loss of polarity 
results in higher expression of ASGP-R in the canalicular membrane compared to 
sinusoidal and basolateral surfaces [6]. This abnormal distribution of ASGP-R 
results in impaired binding and clearance and, hence, increased serum levels of 
asialoglycoproteins, which serve as a marker for liver disease [28, 29]. For exam-
ple, ASGP-R expression level is around 80% in well-differentiated tumors, while its 
level in poorly differentiated hepatocellular carcinoma (HCC) is around 20% [30].

3  ASGP-R Receptor

3.1  Structure and Recognition Domain of ASGP-R

ASGP-R is composed of water-soluble glycoprotein made up of carbohydrates and 
sialic acid [15]. In humans, the major H1 subunit is 46 kD, while the minor H2 
subunit is 50 kD with 58% sequence identity [31–33]. Despite the slight interspe-
cies differences in size and number, each subunit presents highly conserved protein 
sequences indicating similar genetic lineage [33]. Thus, the functional ASGP-R 
consists of two homologous polypeptide subunits arranged as a hetero-oligomer, 
encoded by structurally different ASGR1 and ASGR2 genes [34]. Henis et al. dem-
onstrated that immobilization of any one of the subunits resulted in destabilization 
of the hetero-oligomer [35]. H1 polypeptide when expressed in the absence of H2 
matures and forms homo-oligomers normally which are carried to the cell surface 
[36]. Ishibashi et  al. found that mice deficient in H2 (minor) subunit resulted in 
significantly reduced expression of H1 and almost complete disruption of plasma 
clearance of asialoorosomucoid [37]. However, H2 rapidly degrades in the absence 
of H1 subunit [38] and hence mandatory for H2 expression [39]. Thus, a functional 
ASGP-R requires expression of both subunits in order to achieve ligand binding and 
internalization at the cell surface. Each of these subunits further comprises four 
functional domains: a cytoplasmic domain (40 amino acid residues), transmem-
brane domain (1 amino acid residue) and C terminus (~230 amino acid residues), 
stalk (~80 amino acid residues), and extracellular carbohydrate recognition domain 
(CRD) (~150 amino acid residues) [5, 32] (Fig. 12.1). Structurally, the cytoplasmic 
domain of the H2 subunit includes an additional 18-amino-acid chain when com-
pared to H1 subunit [33].

The CRD of these subunits belong to the calcium-dependent, C-type lectin 
superfamily and is responsible for specific recognition, interaction, and clearance of 
glycoproteins. Meier et al. [32] presented the first crystallographic structure of the 
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CRD of H1 subunit of ASGP-R. It comprises of a globular protein structure contain-
ing six long β-strands, two short, conserved β-strands, and two α-helices. As a long- 
form CRD, it contains three conserved disulfide bridges and a prominent glycine-rich 
loop, which protrudes from the receptor surface as part of the sugar-binding site 
(Fig. 12.2) [32]. The cytoplasmic domain and individual tyrosine residues of the 
receptor are also essential for internalization [40].

Fig. 12.1 Schematic representation of ASGP-R, illustrating the hetero-oligomer composed of two 
H1 and one H2 subunit, each of them containing four domains

Fig. 12.2 Ribbon diagram of the H1-CRD. (Reproduced from Meier et  al. [32], Copyright 
Elsevier 2000)

12 Asialoglycoprotein Receptor and Targeting Strategies



360

3.2  Ligand Receptor Binding and Internalization

ASGP-R has been classically known to recognize desialylated, natural or synthetic 
Gal-type ligands with high degree of specificity to form receptor–ligand complexes, 
which are cleared by receptor-mediated endocytosis [41]. Complex formation trig-
gers clathrin-mediated endocytosis of ligand–receptor complex into endosomes 
with a half-life of approximately 3 min [42]. Ligand release from receptor is more 
sensitive to Ca2+ levels in early endosomes [43]. The turnover time of each ASGP-R 
unit in hepatoma cell lines has been reported to be 20 min and can be reused up to 
200 times, with a half-life of 20 h in the plasma membrane [1]. This rapid recycling 
of the receptor helps maintain the normal cell surface receptor concentration 
between 100,000 and 500,000 per cell.

The ASGP-R subunits can exist in various forms and configurations, which con-
tribute to functional differences like substrate specificity or rate of endocytosis [35, 
44]. It is, thus, essential to understand the focal points of receptor–ligand binding to 
understand ASGP-R activity. The trimeric ASGP-R is most abundant and comprises 
of two H1 and one H2 and exhibits strongest binding affinity [4, 45] to a trianten-
nary oligosaccharide ligand [46]. The carbohydrate-binding domains are positioned 
on top of the alpha-helical coiled region enabling exposure for ligand binding [32, 
47] (Fig. 12.2). An active sugar-binding site on the H1 subunit comprises of  the 
amino acids, aspartic acid 241, aspartic acid 265, asparagine 264, glutamic acid 
252, glutamine 239, and tryptophan 243. Of the three Ca2+ binding sites on the 
CRDs, 1 and 2 sites are high-affinity binding sites and mediate cooperative binding 
with Ca2+ present at site 2 which is directly involved in ligand binding [43]. Ligand 
binding is initiated by coordination of specific amino acids in the receptor with Ca2+ 
to bind with hydroxyl moieties in sugars. Such binding induces structural changes 
in the CRD and enables ligand–receptor interactions (Fig. 12.3) [48].

ASGP-R ligand binding is influenced by (i) number and position of terminal 
galactose residues on the ligand; (ii) optimum Ca2+ concentration of 0.1–2 M; and 
(iii) a pH above 6.5 [49]. Massarelli et al. [41] highlighted the structural character-
istics for specific binding of ligands to CRDs: (i) proximity of Ca2+ to two oxygen 
atoms (preferably 3-OH and 4-OH) of the sugar to allow coordinate bond forma-
tion; (ii) pyranose ring of sugar oriented to allow maximum hydrophobic interaction 
between Trp 243 amino acid and carbon atoms of the ligands (C3-C6); iii) numer-
ous H bonds mediated stabilization of ligands at binding site. Alterations in amino 
acid residues of CRD affect sugar specificity [1], while ligand-binding activity is 
lost following removal of its terminal sialic acid residues [9].

3.3  ASGP-R Ligands

Natural or synthetic glycoproteins or sugars constitute high-affinity ligands of 
ASGP-R (Fig.  12.4). The ASGP-R binding site is known to be specific for 
D-galactose (Gal), D-N-acetyl-galactosamine (GalNAc), and other galactosides [9]. 
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The molecular basis of ASGP-R specificity for galactose versus mannose ligands 
has been explained [50]. In silico studies have predicted that oligosaccharides that 
are tri- and tetraantennary exhibit greater binding affinity to ASGP-R than bianten-
nary oligosaccharides. Triantennary GalNAc exhibits highest affinity with ASGP-R 
when the mutual distance is ~20 Å (Fig.  12.1). Also, small modifications in the 
geometry of ligands result in significant decrease in binding affinity [46]. Binding 

Fig. 12.3 Molecular interaction between (a) D-galactose and (b) acetyl-galactosamine at the 
active binding site (CRD) of ASGP-R

Fig. 12.4 Ligands of ASGP-R
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exhibited by ligands is dictated by the physicochemical properties of ligands like 
isomer form, galactose density and branching, spatial geometry, calcium binding, 
and hydrophilic–lipophilic balance and has been reviewed in detail [1, 51]. Many of 
these ligands are also known to trigger pro-inflammatory responses, providing dis-
ease protection [52, 53].

3.3.1  Natural ASGP-R Ligands

Glycoproteins and Carbohydrates

A number of naturally occurring soluble and membrane-bound glycoproteins and 
glycolipids express terminal galactosyl and N-acetylgalactosaminyl residues [15]. 
Of these, asialoorosomucoid (ASOR possessing 5 branched-chain carbohydrate 
units) and asialofetuin (AF possessing 3 triantennary carbohydrates with terminal 
N-acetyllactosamine residues) have been extensively explored for studying 
ASGP- R- ligand binding and for protein and gene delivery [54]. Lactoferrin is 
another iron- binding cationic glycoprotein which presents high-affinity ASGP-R 
binding and internalization by hepatocytes through a galactose-independent 
mechanism [1].

ASGP-R-specific biocompatible carbohydrate ligands like lactose, galactos-
amine, dextran, lactobionic acid (LA), and sterylglucoside (β-Sitosterol-β-D-
glucoside) can enhance hepatocyte uptake [55], and few have also been used in 
delivery systems as contrast agent for liver diagnosis [56]. More recently, biocom-
patible and biodegradable linear carbohydrates like hyaluronic acid, pectin, arabi-
nogalactan (AG), and pullulan have also attracted attention as ASGP-R ligands and 
are used in various drug delivery systems. AG, a galactose-based polysaccharide 
with a high Gal density of ~80%mol, has reported rapid, dose-dependent, ASGP-R- 
mediated hepatocyte internalization, which was 14-fold greater than AF. Though 
considered safe for oral use, chronic, intravenous administration of AG presents 
toxicity concerns due to slow dissociation and negligible breakdown within hepato-
cytes and needs more conclusive studies to validate clinical usage. Pullulan, a 
glucose- based polysaccharide, also reported dose-dependent, hepatocyte-specific 
targeting, which was much lower than AG due to its lack of discrimination between 
Gal and D-glucose. However, both AG and pullulan could be completely inhibited 
in the presence of AF [1].

3.3.2  Synthetic ASGPR Ligands

Synthetic galactosylations of polymers and lipids minimize Kupffer cell (KC) clear-
ance and have been successfully exploited for designing hepatocyte-targeted drug/
gene delivery systems, which have been discussed in detail in receptor-mediated 
drug delivery section. Various modified mono- or multivalent polymers and lipids 
like pluronic P123-coupled tetraacetyl bromoα-d-galactose, galactosylated chitosan 
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conjugated polymers, Gal-poly-glutamic acid, Gal-poly-L-lysine, pullulan derivatives, 
Gal-DOPE, Gal-cholesterol, etc. have been exploited for ASGPR targeting. Detailed 
description of ligands used for ASGP-R-mediated liver targeting has been presented 
in various reviews [1, 51, 57]. The structures of common ASGP-R ligands studied 
are depicted in Fig. 12.4.

4  ASGP-R-Mediated Targeting Strategies

4.1  Drug–Ligand Conjugate and Complexes

These systems are designed by direct conjugation/complexation of a chemothera-
peutic drug to a high-affinity homing ligand which is triggered to release the drug 
at a desired site, and have been widely used for delivery of anticancer molecules 
and nucleic acids in cancer therapeutics. Poly(L-lysine) (PLL) is the earliest 
known polycation to form complexes with DNA but is rapidly cleared from circu-
lation after intravenous administration. Various natural and synthetic galactose 
ligands have been coupled with these polymers in order to improve biocompati-
bility and targeting effects of such polyelectrolyte complexes [58, 59]. Lectin-
directed enzyme-activated prodrug approach, which releases active form of drug 
to specific cell type, has shown therapeutic efficacy in a hepatocellular carcinoma 
(HepG2) disease model [60]. Gal-NAc-siRNA conjugates and doxorubicin-lac-
tosaminated human albumin (L-HSA) conjugates have been successfully studied 
for liver targeting and are currently in various stages of clinical trials [61–63]. 
However, despite their usefulness, possibilities of drug inactivation during chemi-
cal conjugation [64], in vivo instability [65], nontarget release of the drug [66], 
and rapid clearance [67] are limitations associated with conjugates. These limita-
tions have been addressed by redox-responsive and pH-sensitive, glycopolymer–
drug conjugate NPs, which can target and program drug release in the reductive, 
acidic tumor microenvironment [68]. Table  12.1 summarizes the more recent 
drug–ligand conjugates for treatment of various diseases and provides a brief on 
the outcome.

4.2  Drug Nanoparticles

Colloidal nanocarrier properties like particle size, surface charge, hydrophilicity 
imparting stealth, and ligand concentration decide uptake, targeting potential, and 
fate in  vivo [1]. Galactosylated NPs were shown to be taken up by clathrin or 
caveolae- mediated endocytosis. Despite discrepancies, it is generally accepted 
that  nanocarriers with size >70  nm are not recognized or processed by 
ASGP-R. PEGylated-Gal-NPs for gene delivery of size 50 nm were actively taken 
up by hepatocytes, while 140-nm particles were taken up by KC [84]. Positively 
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charged nanocarriers have been reported to readily interact with the negatively 
charged ASGP-R-binding sites as demonstrated with lactosaminated cationic PLL, 
which reported 98% hepatocyte uptake after intravenous administration [85]. Stealth 
coating of nanocarriers has shown improved serum circulation and enhanced 

Table 12.1 Preclinical studies of drug–ligand conjugates for ASGP-R targeting

Ligand/formulation Study outcome Reference

Cancer

AF-DNA oligonucleotide 
conjugate

Targets primary hepatocytes and human HepG2 
cells

[69]

α-L-rhamnopyranoside prodrug 
of DOX

60-fold increase in hepatocyte selectivity and 
reduced tumor burden in HCC disease model

[60]

Gal-DOX covalent conjugate Higher cell affinity to tumor cells than normal 
liver cell with long tumor retention

[70]

Triantennary GalNAc-based 
ligand siRNA conjugate

Retained siRNA activity despite greater than 
50% reduction in ASGP-R levels

[71]

Chondroitin/DOX- 
polyelectrolyte complex-loaded 
gelatin NP

Enhanced cytotoxicity and hepatic targeting in 
comparison with free DOX

[72]

Pectin-5-FU-loaded pectin NP Size-induced prolonged circulation as well as 
ASGP-R targeting ability in HCC cells and rat 
model

[73]

Multivalent GalNAc siRNA 
conjugate

Hepatotropic with sustained dose-dependent gene 
silencing for over 9 months with no adverse 
effects in rodents

[74]

Gal-CPDC/DNA complexes Higher gene expression in ASGP-R-positive 
HepG2 cells, useful as nonviral gene vector for 
hepatocyte targeting

[75]

Pullulan-PGEA-DNA polycation 
complex

Higher gene transfection efficiency and cellular 
uptake rates in HepG2 than in HeLa cell lines

[76]

β-Gal-PEI-DNA conjugate Higher transfection efficiencies in HepG2 cells 
with reduced cytotoxicity

[77]

Hepatitis

Lac-PLL-Ribavirin conjugate Inhibition of MHV replication at lower drug dose 
in chronic type C hepatitis

[78]

Gal-jetPEI-siRNA conjugate Synergistic effects in inducing hepatoma cell 
apoptosis to inhibit HBV replication in HepG2 
cell line

[79]

Malaria

Triantennary GalNAc 
primaquine, PGA conjugate

Conjugate taken up over 7 h and binds to rat 
hepatocytes and completely degraded over 24 h

[80]

Miscellaneous

Gal-PLGA vitamin K5 conjugate Prolonged coagulant activity [81]
Gal-CMD-cytosine β-D- 
arabinoside conjugate

Specific high affinity to liver parenchymal or 
nonparenchymal cells without any affinity to 
other tissues

[82]

Gal-amphiphilic cyclodextrins 
plasmid DNA complex

Transfection levels increased with increase in 
linker length

[83]
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 hepatocyte uptake. PEGylated Gal-liposomes and lipoplexes have demonstrated 
higher hepatocyte uptake compared to nonpegylated carriers, which can be improved 
by increasing degree of pegylation [86, 87]. ASGP-R-specific ligand coating of 
nanocarriers could reduce rapid systemic clearance and improve hepatocyte target-
ing. However, an optimum ligand concentration is essential for desired hepatic 
uptake since higher concentration of ligands can cause ASGP-R saturation, result-
ing in increased uptake of nanocarriers by other Gal receptors like KC. GalNAc 
bearing doxorubicin–HPMA conjugate (PK2) when administered at higher doses 
caused partial ASGP-R saturation [81, 88]. Few natural carbohydrates like pullulan 
and AG can function as both a stealth agent and ASGP-R ligand [48]. The recent 
polymeric nanocarriers, liposomes, and micellar systems designed for liver target-
ing have been enlisted in Tables 12.2, 12.3, and 12.4, respectively. Exhaustive 
reviews on ASGP-R targeted delivery systems are also available for reference [1, 
54, 57, 62, 89].

Table 12.2 Preclinical studies of drug–NPs for ASGP-R targeting

Polymeric NPs
Ligand/formulation Study outcome Reference
Cancer

Lactose-PEG-appended α-CDE 
gene and siRNA NPs

Hepatocyte-selective gene and siRNA transfer 
activity in vitro and in vivo

[90]

Lac-DOX mesoporous silica NPs Effective inhibition of HepG2 and 
SMMC7721 cells in a time and 
concentration-dependent manner

[91]

LA-Sorafenib and siVEGF 
mesoporous silica NPs

Improves the tumor targeting and siVEGF 
transfection efficiency for HCC therapy in 
ASGPR-overexpressing Huh7 cells

[92]

Pullulan-PAE/PLGA-paclitaxel, 
combretastatin A4 NPs

Improved tumor inhibition and angiogenesis
pH-responsive, charge reversible NPs

[93]

Gal-carboxymethyl chitosan 
RASSF1A gene-loaded iron oxide 
NP

Specific accumulation of NPs in HCC tissue 
especially with aid of an external magnetic 
field

[94]

Gal-TPGS-PLA-Docetaxel NPs Potential application in targeted delivery for 
liver cancer

[95]

LA-Etoposide TPGS conjugate Enhanced cytotoxicity and efficient 
accumulation at tumor site in vivo

[96]

SS-LA-PEC-DOX reduction- 
sensitive shell-sheddable NPs

Efficiently taken up by ASGPR- 
overexpressing HepG2 cells with high 
antitumor activity

[97]

Lac-Norcantharidin-N-trimethyl 
chitosan NPs

Significantly enhanced drug absorption, 
penetrates plasma membrane of Caco-2 cells 
and translocate into cytoplasm and nucleus

[98]

β-galactosidase-polymer/DNA NPs High gene delivery efficiency into ASGPR 
expressing hepatocytes

[99]

Galactosamine-PGA and PLA- 
loaded PTX NPs

Specific interaction with HepG2 cells 
resulting in arrest in G2/M phase

[100]

(continued)
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Table 12.2 (continued)

Gal-carboxymethyl chitosan 
RASSF1A gene-loaded iron oxide 
NP

Specific accumulation of NPs in HCC tissue 
especially with aid of an external magnetic 
field

Gal-chitosan oligosaccharide-loaded 
ATP NPs

Low cytotoxicity and enhanced uptake by 
HepG2 cells

[101]

Galactopeptide-DOX self- 
assembled NPs

Higher antitumor activity toward HepG2 cells 
in vitro and in vivo

[102]

Glycyrrhizin-PTX-O- 
carboxymethyl chitosan NPs

10-fold higher liver cancer cell internalization 
and significantly superior targeting to tumor

[103]

Pectin-methotrexate conjugate 
ionotropic gelation NPs

Enhanced cytotoxicity and improved delivery 
to cancer cells

[104]

Pullulan-lipoic acid-loaded PTX 
core cross-linked NPs

Efficient endocytosis and distribution in 
cytoplasm, long systemic retention time

[105]

Polyethylene sebacate-Gantrez 
DOX NPs

High hepatocyte: nonparenchymal cell ratio 
of 85:15, sustained tumor volume reduction 
in mice, extensive tumor necrosis, reduced 
collagen content, reduction in HCC 
biomarker

[106]

Hepatitis

Lactose-acyclovir-N-succinyl 
chitosan NP

Excellent liver targeting potential with high 
drug concentration even after 24 h

[107]

Lactose functionalized amphiphilic 
random copolymer-Ribavirin 
conjugate

Hepatocyte targeting, self-assembled NPs [108]

Malaria

Pullulan nanocarboplex of 
primaquine phosphate

Increase in drug t ½ with high hepatocyte/
nonparenchymal cell ratio of 75:25

[109]

Miscellaneous

Kappa carrageenan/AG/pullulan 
curcumin Gantrez NPs

AG and pullulan revealed maximum hepatic 
accumulation following IV administration of 
NPs to rats

[48]

Solid–lipid NPs
Ligand/formulation Experimental outcome Reference
Cancer

LA-5-FU nanostructured lipid 
carriers

Galactosylated NLCs were cytotoxic on 
HepG2 cells at half dose of 5-FU

[110]

LA-DPEA-loaded DOX SLN Increased cellular uptake and drug 
accumulation in hepatoma cells, low systemic 
toxicity

[111]

GalNAc-PEG siRNA lipid NPs Effective hepatocyte targeting and gene 
silencing following SC administration

[112]

GalNAc cluster-siRNA ApoE- 
loaded lipid NPs

High hepatic targeting in HeLa cell line and 
mice

[113]
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Table 12.3 Preclinical studies of drug–liposomes for ASGP-R targeting

Ligand/formulation Experimental outcome Reference

Cancer

Gal-DOX/vimentin siRNA 
liposome

Co-delivery of DOX and siRNA, enhanced transfection 
efficacy, synergistic antitumor therapy

[114]

N-lactosyl-DPEA-DOX 
encapsulating calcein 
liposomes

Long blood circulation time, higher uptake significantly 
stronger tumor inhibitory activity and accumulation of 
drug within tumor site

[115]

Bifunctional glycolipid–
liposome DNA complex

High affinity for ASGP-R and transfection activity [116]

CTG-lipid-protamine 
sulfate and plasmid DNA 
cationic liposomes

Improved levels of gene expression in HepG2 and 
SMMC-7721, length of spacer between anchor and 
galactose residues important for ASGP-R recognition

[117]

TAB-Gal-mitoxantrone 
dual-functional liposome

Increased antitumor activity and selectivity in BALB/c 
mice bearing orthotopic xenograft HCC tumors

[118]

Hepatitis

β-Sitosterol-β-D-glucoside 
modified cationic asODN 
liposomes

High transfection efficiency by endocytosis and 
membrane fusion for HBV infection

[119]

β-Sitosterol glucoside 
modified cationic siRNA 
DDMAP liposomes

siRNA in liposome protected from lyases, ultimate 
suppression of HCC

[120]

Table 12.4 Preclinical studies of drug–micelles and other drug delivery systems for ASGP-R 
targeting

Micelles
Ligand/formulation Experimental outcome Reference
Cancer

Gal-Amphiphilic block 
glycopolymers-DOX-loaded 
micelles

Enhanced uptake of DOX-loaded Gal-micelles by 
HepG2 cells, significantly increased cytotoxicity as 
compared to HEK293

[121]

Gal-PEG-PEC copolymer 
DOX micelles

Ligand-directed, reduction-sensitive, shell-sheddable 
targeted cancer chemotherapy

[122]

Lactose-Rhodamine B 
micelles

Stronger endocytosis by SMMC7221 human liver 
cancer cells, remarkable liver-targeting effect in 
mice

[123]

Lactose-asODN micelles Free asODN released into cell interior with 
decreased pH in endosomes, better uptake into 
HuH-7 cells

[124]

Gal-PTX micelles Enhanced apoptosis and tumor growth inhibition, 
less damage to liver and kidney

[125]

LA-PTX micelles High antitumor activity in HepG2 cells, inhibited 
growth of human hepatoma

[126]

Hepatitis

Gal-PLA-PAA conjugated 
RBV tripalmitate-loaded 
micelles

Specificity toward HepG2 cells [127]

(continued)
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Emulsion
Ligand/formulation Experimental outcome Reference
Cancer

Gal-chitosan coating on 
DOX-PVA microbubbles

Higher HepG2 uptake than normal fibroblasts, 
retained cytotoxic activity which increased upon 
ultrasound exposure

[128]

Gal-chitosan loaded 
10-hydroxy-camptothecin 
nanocrystallites

Nanocrystallites stabilized formulation in aqueous 
medium, enhanced cellular internalization

[129]

Gal-chitosan-graft-PNIPAm 
nanogels

Higher antitumor activity which increased with 
increase in number of galactose moieties

[130]

Gal-C4-Chol emulsions Enhanced uptake and internalization by HepG2 cells 
but not much by NIH3T3 cells

[131]

Dendrimers
Cancer

GalNAc G5 PAMAM 
dendrimers

Internalization of targeted carriers increased with the 
increase in G5 concentration and incubation time

[132]

GalNAc-DOX-loaded G5 
PAA-PAMAM dendrimers

HCC-bearing NOD SCID gamma mice achieves a 
2.5-fold inhibition of tumor growth, apoptosis 
induction, without DOX cardiotoxicity

[133]

AF-epirubicin loaded 
chitosan-PLGA NPs

Co-delivery of epirubicin with tocotrienols as 
antioxidant, significantly reduced angiogenesis, 
lower cardiotoxicity, and higher apoptosis level

[134]

Table 12.4 (continued)

4.3  Nanoparticle Diagnostics and Theranostics

4.3.1  Diagnostics

Novel galactosylated fluorescent probes like fluorescent silica NPs [135], manga-
nese ferrite NPs for targeted MR imaging [136], pegylated quantum dots [137], and 
lactose functionalized magneto liposomes [138] have been successfully used for 
hepatocyte-targeted bio-imaging with enhanced sensitivity [139]. Various studies 
have used albumin as a substrate for ASGP-R ligands like galactose or lactose for 
hepatocyte-specific targeting of imaging agents like 99mTc diethylenetriaminepenta-
acetic acid galactosyl (DTPA-Gal-HSA) human serum albumin [140], 99mTc DTPA- 
Gal- neoglycoalbumin [141], and 99mTc neolactosylated HSA in clinical tests [142]. 
Further, Kim et  al. used chitosan as a backbone to synthesize 99mTc 
hydrazinonicotinamide- galactosylated chitosan (HGC), which can be used for spe-
cific and rapid imaging for evaluation of hepatic function [139]. Multimodal imag-
ing techniques merging complementary imaging techniques have been reported to 
overcome limitations of single imaging techniques. A hepatocyte-targeted, multi-
functional nanoplatform consisting of galactosyl conjugated P123 (Gal-P123)-modified 
NIRF783-Fe3O4 (GPC@NIRF783-Fe3O4) NP was developed for noninvasive, 
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Table 12.5 Diagnostic agents for ASGP-R targeting

Targeted diagnostic 
agent Application Experimental outcome Reference

LA conjugated 
fluorescent silica NPs

Cell labeling and 
differentiation as novel 
fluorescent probes

Excellent photostability, 
biocompatibility, and 
significant signal 
amplification

[135]

[68Ga] 
Gal-DTPA-HSA

Use with PET and planar 
imaging for functional 
hepatocellular mass

Higher activity concentration 
in blood compared to 
marketed

[145]

64Cu-Lac-HSA Use for molecular imaging of 
hepatocytes with PET

Serial PET imaging and 
autoradiography revealed 
higher accumulation in 
HepG2 tumors

[146]

125I-ASOR-BDICA A bile duct diagnostic small 
molecule CT contrast agent

Nontoxic, X-ray attenuation 
properties and high ASGPR 
affinity

[147]

GDPA-LA-chitosan Use for molecular imaging of 
hepatocytes by MRI

High specificity and enhanced 
images in MRI of normal rat 
hepatocytes compared to 
signal strength for rat liver 
cancer cells

[148]

LA-modified 
superparamagnetic 
magnetite NPs

Use as contrast agent for 
liver diagnosis with MRI

Selective accumulation in 
rabbit hepatocytes by MRI

[56]

99mTc-p(VLA-co- 
VNI-co-V2DTPA)

Useful for SPECT imaging 
for evaluating and staging 
liver fibrosis in vivo

ASGP-R could be a useful 
marker in stage of liver 
fibrosis. Liver uptake value 
decreased with disease 
progression

[149]

AA-coated with 
biotinylated AF 
labelled Magnetic 
beads

Tool useful in diagnosis and 
monitoring of HCC

Both positivity rate and 
number of CTCs were 
significantly correlated with 
tumor size, portal vein tumor 
thrombus, differentiation 
status, and disease extent

[150, 
151]

(continued)

fluorescence, and MRI-based dual-mode imaging of tumors. The ligand-coated NPs 
demonstrated 5.4-fold improvement in relative MR signal enhancement compared 
to uncoated NPs [143]. Kouda et al. investigated 99mTc- diethylenetriaminepentaacetic 
acid-galactosyl-human serum albumin (99mTc-DTPA Gal-HSA) as a novel ASGP-R- 
specific scintigraphic agent to evaluate hepatic function. Their results reported a 
significant increase (53.2%) in 99mTc-DTPA Gal-HSA uptake per hepatocyte during 
recovery stage after a hepatic injury. This augmented uptake might be triggered by 
hepatotrophic factors as a compensation for the decreased hepatocyte number [144]. 
A list of diagnostic agents is summarized in Table 12.5.
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4.3.2  Theranostics

Gal-Dox has been used as a theranostic system for targeting ASGP-R on colon can-
cer cells followed by Dox release and enzyme-stimulated fluorescence activation 
allowing both drug localization and monitoring [158]. Lactobionic acid-targeted 
multifunctional theranostic Lipid-AuNPs@PDA nanohybrid NPs have been 
reported for dual-mode, MRI/CT imaging with photothermal therapy for HCC 
[159]. Supramolecular glycocomposites constructed by co-assembling a glyco-
probe and anticancer drug onto graphene oxide(GO) surface resulted in excellent 
imaging ability, while the material demonstrated improved toxicity toward ASGP-R 
overexpressed liver cancer cells [160]. Iodoazomycin arabinofuranoside loaded into 
galactose-based thermosensitive nanogels could be used for imaging and radiother-
apy of solid hypoxic tumors [161]. Disulfide-based fluorescent drug delivery 
multifunctional conjugates have been reported to undergo thiol triggered disulfide 
bond cleavage to deliver the drug and the fluorescent probe at targeted sites [162]. 
A list of theranostic NPs is summarized in Table 12.6.

Table 12.5 (continued)

Targeted diagnostic 
agent Application Experimental outcome Reference
111In-LDTPA 
Gal-BSA

In vivo probe to understand 
interaction of radiolabeled 
glycoprotein with ASGPR 
transport system

Normal mice showed 70% of 
radioactivity in hepatocyte, 
whereas ASGPR-deficient 
mouse had equal activity in 
hepatocyte and hepatic 
endothelial cells

[152]

99mTc-Fluorocarbon 
chain LA sugar- 
DTPA chelate

Hepatocyte targeting, 
imaging with PET in hepatic 
fibrosis

Biodistribution by 
scintigraphy traced a majority 
of compound in rat liver

[153]

99mTc-Gal-HSA Estimation of extent of 
ASGPR expression for 
remnant liver function for 
hepatic surgery

Estimated remnant liver 
function was significantly 
correlated with postoperative 
liver function parameters

[154]

[111In]-labelled 
Gal-BSA

Effects of number of 
galactose residues per protein 
molecule on receptor binding 
and internalization for 
ASGP-R targeting systems

Receptor binding and 
internalization are regulated 
by number of galactose 
residues per BSA during 
hepatic uptake

[155]

99mTc-labelled 
Gal-serum albumin

Multicompartmental analysis 
of hepatic scintigraphy for 
evaluating function reserve 
capacity of liver

The multicompartmental 
model analysis permitted 
comparable results to 
different gamma cameras

[156]

99mTc-Gal- 
neoglycoalbumin

Diagnostic performance of a 
receptor-binding 
radiopharmacokinetic model

Receptor concentration [R]0 
and metrics were most 
accurate index of hepatic 
function

[157]
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Table 12.6 Theranostics for ASGP-R targeting

Ligand/formulation Application Reference

Cancer

Iodoazomycin arabinofuranoside
Gal-nanogels

Hypoxia-selective multimodal theranostic 
applications to manage and image hypoxic solid 
tumors

[161]

LA-indocyanine green in 
core-shell gold NPs

Multifunctional theranostic agent for targeted 
MRI/CT dual-mode imaging and photothermal 
therapy of HCC

[159]

Gal-DOX Cancer-specific activation with Dox release 
with a fluorescence turn-on response for 
colorectal cancer theranostic

[158]

Glycoligand-GO GO greatly enhances cellular and tissue 
imaging ability of a small-molecule 
fluorescence glycoprobe and serves as a 
clustering platform to reinforce interaction of 
glycoprobe with selective receptor on cancer 
cell

[160]

Gal, folate, biotin, RGD peptide 
sequence-DOX, gemcitabine, 
camptothecin multifunctional 
fluorescent drug conjugates

Site-specific cleavage by endogenous thiols 
serves to release cytotoxic drug and produce an 
easy-to-monitor change in fluorescence 
signature of cell

[162]

5  ASGP-R Ligands in Clinical Development

A Phase II clinical trial of galactosamine-modified polymer-linked doxorubicin 
(PK2) has demonstrated enhanced liver-specific doxorubicin delivery with specific 
targeting to hepatocytes [163]. Pfizer discovered ASGP-R ligands, PF-06853291 
and PF-06868566 (trivalent form of GalNAc), have demonstrated rapid serum clear-
ance followed by hepatic accumulation, suggesting widespread applications in 
hepatocellular delivery [164, 165]. Huang has presented an exhaustive review of the 
various preclinical and clinical progress made by GalNAc conjugated nucleic acid 
therapeutics for targeted gene delivery [61]. Various ASGP-R ligands in different 
phases of clinical trials have been presented in Table 12.7.

6  Advantages and Limitations of ASGP-R Targeting

Despite the exciting opportunities reported by ASGP-R-targeted drug delivery 
systems in numerous preclinical studies, these systems have failed in clinical trials. 
The clinical failure might be due to variability in performance and expression of the 
receptor among various species and stage of disease. Also, since most preclinical 
studies are performed in healthy animals, successful targeting might not be an accurate 
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indicator of successful treatment. Off-target toxicities at certain doses have been 
observed due to ASGP-R expression in both normal hepatocytes and HCC cells. 
Terada et al. [168] have addressed this issue by designing matrix metalloproteinase-
 2 cleavable DOPE/PEG liposomes for HCC-specific delivery. In addition, variabil-
ity in levels of ASGP-R expression in response to time, disease condition, and stage 
of progression present significant obstacles to effective targeting. Further, surface-
modified ASGP-R delivery systems involve complicated preparation methods and 
can evoke immunogenicity and autoantibody generation, resulting in dire 
consequences.

7  Conclusion and Future Prospects

To summarize, the exclusive liver expression of ASGP-R presents huge scope in 
liver-targeted delivery of small molecules, nucleic acids, and diagnostic agents, 
which has been amply demonstrated in numerous research findings. Novel ASGPR-
ligand anchored siRNA delivery systems are an indicator of progress made in the 
development of ASGP-R-specific targeting. However, restrictions that have previ-
ously resulted in failure of these systems in clinical studies need to be validated to 
mimic specific disease physiology, which include verifying the receptor density and 
saturation, immune activity and selection of a proper experimental model, and 
delivery system for each study. Successful targeting to this receptor could have huge 
implications in the development of novel effective targeted systems for treatment 
and diagnosis of liver infections and cancer.

Table 12.7 ASGP-R ligand–drug conjugates in clinical development

Ligand Active/formulation Phase Application Reference

Galactosamine DOX-linked HPMA 
copolymers bearing 
galactosamine, PK2

Phase II Liver-specific targeting 
in primary HCC 
tumors, represents the 
first ligand-targeted 
system to reach clinics

[163]

Triantennary GalNAc 
(GN3)

Second-generation 
gapmer antisense 
oligonucleotides 
(ASOs)

Phase I/II Conjugate is 
metabolized to liberate 
parent ASO in 
hepatocytes but not in 
plasma

[166]

PF-06853291 and 
PF-06868566 
(trivalent version of 
natural ASGP-R 
GalNAc)

Alexa Fluor® 647 – Increased ASGPR- 
directed HCC uptake 
and prolonged 
retention in vivo 
compared to trivalent 
GalNAc

[164]

ALN-HBV (GalNAc) siRNA Terminated Liver-specific targeting 
for hepatitis B virus 
infection

[167]
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Chapter 13
CD Receptor and Targeting Strategies

Darsheen J. Kotak, Pooja A. Todke, Prajakta Dandekar, 
and Padma V. Devarajan

Abstract The clusters of differentiation (CD) are cell-surface receptors involved in 
cellular functions like activation, adhesion, and inhibition. These ubiquitous recep-
tors express elevated levels of CD on cells which can serve as key marker in several 
cancers and infectious diseases. We emphasize on CD receptors involved in cancer, 
infections, and immune response. In particular, we cover the physiology and patho-
physiology of the CD receptor and track the latest developments in targeted delivery 
of therapeutics and diagnostics mediated via CD receptor.

Keywords Clusters of differentiation · CD44 · Receptor · Cancer · Infectious 
diseases · Immunology
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CmAbs Chemotherapeutic monoclonal antibodies
CMC Critical micelle concentration
CR3 Complement receptor
CS Chondroitin sulfate
CTCL Cutaneous T-cell lymphoma
CTLs Cytotoxic T lymphocytes
DAF Decay acceleration factor
DM4 Maytansine derivative 4
DOX Doxorubicin
Fcgr Fcgamma receptor
GEM Gemcitabine
GO Graphene oxide
GP120 Envelope glycoprotein
GPI glycosylphosphatidylinositol
HA Hyaluronic acid
HSA Human serum albumin
HCCLM3 Human hepatocellular carcinoma cell line
HCT-116 Human colorectal carcinoma cell line
HepG2 Liver hepatocellular carcinoma
HIV-1 Human immunodeficiency virus type 1
HPMA N- (2-hydroxypropyl) methacrylamide
HSV-ttk Herpes simplex virus truncated thymidine kinase
IFN-γ Interferon gamma
Ig Immunoglobin
ITAMs Immunoreceptor tyrosine-based activation motifs
Lck Lymphocyte-specific protein tyrosine kinase
LNP Indinavir-lipid nanoparticles
mAb Monoclonal antibody
MDA-MB-231 M.D. Anderson and MB stands for Metastasis Breast 231
MDR Multidrug resistance
MHC Major histocompatibility complex
MS4A1 Membrane Spanning 4-Domains A1
MSNs Mesoporous silica nanoparticles
MTX Mitoxantrone
NeoR Neomycin B-arginine conjugate
NHL non-Hodgkin lymphoma
OPN Osteopontin
PDAC Pancreatic ductal adenocarcinoma
PEG-PLGA Polyethylene glycol–poly lactic acid-co-glycolic acid
PEG–PLGA Polyethylene glycol–poly lactic acid-co-glycolic acid
PIT Photo-induced therapy
pMHC Peptide-major histocompatibility complex
PNA Peptide nucleic acids
PTKs Protein tyrosine kinase
PTX Paclitaxel
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RFP Red fluorescent protein
Rluc Renilla luciferase
SCID Significant toxicity immunodeficient
SH2 src homology 2
SLN Solid lipid nanoparticle
TCR T-cell receptor
TF Triple fusion
TFIL Tri-functional immunoliposome
Th T helper
TNBC Triple negative xenograft model of breast cancer
TNF-α Tumor necrosis factor alpha
ZAP 70 Zeta-chain-associated protein kinase

1  Introduction

The immune system protects human body from being infected by invading foreign 
organisms by well-controlled feedback mechanisms [1]. The cluster of differentia-
tion (CD), which is also termed as CD molecule, CD marker, or CD antigen, is a cell 
surface glycoprotein that plays significant role in a number of biological functions, 
a major role being mediating immune reactions. CD receptors are considered to be 
highly promising drug targets for cancer, inflammatory, immunological, and infec-
tious diseases [2, 3]. This chapter discusses the major CD involved in enabling 
improved therapy. An important focus is targeted delivery by receptor-mediated 
endocytosis via CD44 which has been widely investigated.

2  The Receptor

The “clusters of differentiation” (CD) is a term used to denote cell surface mole-
cules which serve as targets for immunophenotyping of cells. As far as physiology 
is concerned, CD antigens can behave in many ways, often acting as important 
receptors or ligands. Some CD antigens do not play a part in the signaling of cells, 
but have other features such as cell activation, cell adhesion, and cell inhibition [4, 
5]. In immunophenotyping, CD antigens are widely used as cell markers, enabling 
cells to be characterized based on what molecules are present on their surface. These 
markers serve to associate different cells with specific immune functions. Over 350 
unique and distinctive CD markers have been recognized by the official list of deter-
minants [6]. A discussion on all is beyond the purview of this chapter. We focus on 
six receptors, namely, CD3, CD4, CD8, CD19, CD20, and CD44 which play impor-
tant roles in cancer and infectious disease. Details on other CD antigens/receptors 
may be referred in [6].
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3  The CD Antigens and Receptors

CD antigens and receptors engage in diverse roles, acting as either receptors on cells 
or ligands for receptors to initiate a signal cascade that could alter some cellular 
function.

3.1  CD3 Complex (T-Cell Receptor (TCR) Complex)

TCR complex is noncovalently coupled with a set of five immunoglobulins associ-
ated with transmembrane proteins. Five polypeptides involved are CD3γ 
(21–28 kDa), CD3δ (20–28 kDa), CD3ε (20–25 kDa), CD3ζ (16 kDa), and CD3η 
(22  kDa) shown in Fig.  13.1a. CD3 proteins have an extracellular region of the 
N-terminal, a transmembrane domain, and a cytoplasmic tail with immunoreceptor 
tyrosine activation motifs (ITAMs). There is also an immunoglobulin-like domain. 
The cytoplasmic region and domain of CD3 ε, CD3 γ, CD3 δ, and CD3 ζ comprise 
totally 10 ITAMs which make the complex extremely susceptible to antigen bind-
ing. Aspartic acid imparts a negative charge to CD3γ, CD3δ, and CD3ε. The side 

Fig. 13.1 Schematic representations of the structures of (a) CD3, (b) CD4, (c) CD8, (d) CD19, (e) 
CD20, and (f) CD44
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chain of this negatively charged amino acid interacts with the strongly loaded side 
chains of proteins in the TCRα and β transmembrane areas, an interaction that can 
either add to complicated integrity or signaling function [7–15].

CD3 functions as T-cell coreceptor and enables activation of the cytotoxic CD8+ 
and CD4+ naive T cells. The CD3 chains serve two distinct functions for activating 
T cells, namely, facilitating the introduction of TCR into the plasma membrane and 
transduction of signals following involvement through the TCR binding site. 
Together, the TCR and the CD3 molecules form the TCR complex. To produce an 
activation signal in T lymphocytes, these CD3 chains are associated with the TCR 
and the ζ chain. The complex functions by transmitting intracellular signals during 
the recognition of antigen TCR. CD3 ε is one of at least three invariant proteins 
associated with the TCR variable antigen recognition chains and signal transduction 
function. Because CD3 is necessary for the activation of T cells, drugs especially 
monoclonal antibodies are explored for immunosuppressant therapies [7–9].

3.2  CD4

CD4, a transmembrane glycoprotein (Fig.13.1b), is expressed on the cell surface as 
a single polypeptide having four immunoglobin (Ig)-like extracellular domains, 
making it a superfamily member of the Ig. It has a hydrophobic transmembrane 
domain with 38 amino acids comprising an extremely fundamental cytoplasmic tail, 
together with phosphorylated serine residues. CD4’s N-terminal Ig-like domains 
interact with the non-polymorphic α2 and β2 domains of MHC class II molecules, 
mediating functions of recognition and adhesion CD4’s cytoplasmic tail has loca-
tions that make  better physical linkage with cytotoxic T lymphocytes (CTLs, a 
lymphocyte-specific protein tyrosine, Lck) kinase [16].

CD4, the component of the T lymphocyte receptor and coreceptor of the human 
immunodeficiency virus, is downmodulated when antigen or phorbol esters activate 
cells. Amplification of CD4 by activated T cell as a response to an enzyme-based 
signaling cascade generates signal by the TCR which produces various kinds of 
T-helper cells. Using the extracellular domain, CD4 binds with MHC class II mol-
ecules which are present on the APC. Both the TCR complex and CD4 are desig-
nated for binding to distinct areas of the MHC II molecule during antigen 
presentation [17].

3.3  CD8

In both humans and mice, majority of CD8 molecules expressed on T-cell surface 
confined by MHC class I are CD8αβ heterodimers consisting of CD8α (38 kDa 
chain) and CD8β (30 kDa chain) joined by disulfide linkage which are depicted 
in Fig.13.1c. Some intestinal T cells on the cell surface, however, express a 
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CD8αα homodimer. The complete CD8 protein consists of one Ig-like extracel-
lular hydrophobic domain and 26-residue cytoplasmic tail. Adherence of CD8 to 
the α3 MHC class I domain occurs following recognition of the TCR-domain-
based recognition and adherence to TCRs. The CD8 cytoplasmic tail connection 
to Lck (lymphocyte- specific protein tyrosine kinase) is weak compared to CD4 
[10–15, 18].

The CD8 cell surface marker protein helps to differentiate between the CTLs 
CD8+ and T helper (Th) cells CD4+. Involvement of CD8 in CTL coactivation has 
been associated with enhancing antigen sensitivity and stabilization of the TCR/
MHC interaction. The CD8 coreceptor interacts with a distinct invariant region of 
the MHC I molecule compared to TCR, thereby enabling formation of a tripartite 
(TCR/peptide-major histocompatibility complex, pMHC)/CD8) complex.

3.4  CD19

CD19 antigen (95 kDa) is a transmembrane glycoprotein. It belongs to superfam-
ily of Ig, the antigen which is categorized as a type I transmembrane protein. It 
consists of a single transmembrane domain, with C terminus in the cytoplasm and 
N terminus positioned extracellularly. It is encoded by the CD19 gene of 7.41 kilo-
byte situated on chromosome 16’s short arm which codes for the CD19 molecule. 
The extracellular component includes two Ig-like domains of type C2 separated 
by a narrower prospective non-Ig-like domain associated with disulfide, and addi-
tional carbohydrate sites linked to N. There is no vital homology between CD19 
and other recognized proteins [19]. The structure of CD19 receptor is shown in 
Fig.13.1d. CD19 modulates B-cell receptor (BCR)-dependent and independent 
signaling. Another important role is to establish intrinsic B-cell signaling thresh-
olds. It supports growth of antigen-independent development. It also influences 
the activation of B cells induced by immunoglobulin that is crucial to generate an 
ideal immune response. In B-cell activation, CD19 as an adaptor protein helps to 
incorporate signaling proteins from the cytoplasm to the membrane. It is also 
considered important as a signal subunit for CD19/CD21 conjugation by linking 
with the BCR.

3.5  CD20

CD20 is a nonglycosylated phosphoprotein of 35 kDa which is embedded in the cell 
membrane. In humans, CD20 is encoded by the MS4A1gene, which belongs to the 
membrane-spanning 4A gene family. It possesses four domains spanning the membrane 
with a short extracellular segment of about 43 residues and the terminal amino and 
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carboxy N in the cytoplasm. This orientation prevents antigen shedding. It acts as a 
marker in lymphocytic leukemia and lymphocyte-predominant Hodgkin  lymphoma 
and aids in targeting of monoclonal antibodies. The structure of CD20 receptor is 
shown in Fig.13.1e. CD20 is discovered in the pro-B stage of healthy mature B 
cells, in chronic lymphocytic leukemia and in Hodgkin lymphoma occurrences. 
CD20 is a component of cell surface complex which regulates the transfer of cal-
cium (Ca2+) channel-based intracellular signaling pathway. However, interruption 
of the encoding of the Ca2+ channel gene shows no effect on the growth of B-cells 
or on the execution of immune responses.

3.6  CD44

CD44 is 37-kDa protein with three domains: extracellular, intracellular, and trans-
membrane domains (Fig.13.1f). The extracellular domain comprising a globular 
protein with amino terminal (~180 aa) serves as a ligand-binding receptor mainly 
for hyaluronic acid (HA), a negatively charged glycosaminoglycan. It has six cyste-
ine residues that form three disulfide bonds and sites for N glycosylation of five 
conserved residues in the amino acid terminal of CD44. The unconserved extracel-
lular domain is primarily linked with carbohydrate alteration (O-glycosylation), 
while alternative splicing enables inclusion of additional aa sequence taken from the 
CD44 gene’s variable exons. The transmembrane domain is useful in mediating HA 
binding.

Wide distribution of tissue and several isoforms enable CD44 to play a variety of 
biological functions as depicted in Fig.13.2.

Fig. 13.2 Physiological function of CD44
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4  Ligand Binding and Receptor-Mediated Signaling

4.1  CD3

Antigen-based stimulation results in conformational modifications in the CD3 poly-
peptide cytoplasmic tails triggered by stimulating MHC/TCR interaction with pro-
tein tyrosine kinase (PTKs). These PTKs, like Lck and Fyn, are members of the Src 
family. They phosphorylate conserved tyrosine residues that are present on the CD3 
complex’s ITAMs, to produce a protein-docking site (Zeta-chain-associated protein 
kinase, ZAP 70). PTKs trigger interaction between MHC/TCR which leads to mod-
ified conformation of the CD3 polypeptides in the cytoplasmic tails after antigen 
stimulation. CD3-integrated ZAP-70 initiates phosphorylation of transmembrane 
protein that serves as a linker of T cells which are activated subsequently by associa-
tion with phospholipase Cγ1 (PLCγ1). Cγ-dependent pathways include signals for 
calcium and diacylglycerol (DAG)-initiated responses, rearrangements in cytoskel-
etal rearrangements and integrin activation pathways that mediate cell-to-cell and 
cell-to-matrix interactions [20, 21].

4.2  CD4 and CD8

TCR produce signals which are amplified by CD4 and CD8 by using their intracel-
lular domains. MHC II recognizes CD4 and MHC I recognizes CD8 which results 
in phosphorylation of MHC-based engagement of TCRαβ. CD4 and CD8 are 
thought to function as coreceptors and are present near the TCR in the membrane 
which increases physical association of Lck and brings them in close proximity 
with the tails of the CD3 chains. The Lck causes phosphorylation of the ITAMs in 
the CD3 tails which results in generation of cascading event-associated intracellular 
signaling that leads to T-cell activation.

4.3  CD19

CD19 is mostly located on B cell and acts as BCR-associated coreceptor that 
enhances BCR signaling. Two signaling pathways are followed after activating the 
antigen which include B-cell receptor (BCR)-dependent signaling and BCR- 
independent signaling. First pathway includes BCR ligation through tyrosine-based 
CD19 phosphorylation and recruiting src homology 2 (SH2) domain. On the other 
hand, the CD19 receptor serves as a subunit for signal transduction for the CD19/
CD21 cluster in the second pathway. These immune complexes possessing C3dg 
and antigen would bridge CD21, and thereby CD19, to activate the B cell.
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4.4  CD20

Antibody binding to CD20 initiates movement of molecules on to lipid rafts (mem-
brane microdomains) which are rich in cholesterol and sphingolipids (Fig.13.1e). 
Lipid rafts aided signal transduction, enabling receptors and signaling effectors to 
colocalize [22].

4.5  CD44

The involvement of CD44-associated signaling with tumorigenesis is established 
through HA- independent or dependent signaling pathways. Binding of low molec-
ular weight HA can block the oncogenic pathways associated with CD44 thereby 
enabling tumor suppression [23–25].

5  Structure Activity Relationship (SAR)

The SAR data are reported only for CD44 which is among the most investigated CD 
receptor and is discussed in this section. Glycosaminoglycans are repeating amino- 
associated disaccharide units that connect the chain to key proteins in the receptor. 
The glycoaminoglycans heparan sulfate and chondroitin sulfate are large molecules 
with sulfate and carboxylate groups that are charged with a large number of anionic 
groups. These anionic side chains exhibit affinity for cations. Different isoforms of 
CD44 seem to have distinctive glycosylation patterns. CD44s have a tiny portion of 
chondroitin sulfate, whereas the CD44 keratinocyte molecule (CD44v3–v10) is pri-
marily glycosylated by heparan sulfate. CD44 isoforms occur in both glycosylated 
and nonglycosylated forms, indicating that some of the activities of the molecule do 
not depend on the side chains of glycosaminoglycans. Due to their degree of glyco-
sylation, some CD44 isoforms exceed 200  kDa. Intermittent size isoforms 
(110–160 kDa) are mainly expressed on epithelial cells [26, 27].

6  Pathophysiological Features of CD

CD receptor’s expression in the pathogenesis of cancer and various infectious dis-
eases are under investigation. Many studies have demonstrated CD expression- 
based regulation in various diseases. Some of the major diseases related to the 
pathophysiological significance of CD isoforms are discussed in this chapter.
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6.1  Cancer

CD19 mediates establishment of intrinsic B-cell signaling thresholds by modifying 
B-cell-dependent and autonomous signaling. But CD19 is a less specific marker of 
B-cell lineage because CD20 is five times more expressed on B cell than CD19 
antigen. CD20 is associated with chronic lymphocytic leukemia and in lymphocyte- 
predominant Hodgkin lymphoma. Likewise, researchers demonstrated the expres-
sion of CD20, a B-cell marker in thyroid cancers including classic papillary thyroid 
carcinomas and high-grade thyroid cancers [28]. Pancreatic ductal adenocarcinoma 
(PDAC) is the most common fatal cancer of pancreas. In PDAC, multiple immune 
responses and related pathways including phosphorylation of CD3 are associated 
with progression of pancreatic ductal adenocarcinoma [29, 30]. In pancreatic can-
cer, the CD44 variant isoform v6 (CD44v6) expression was found elevated, which 
is responsible for metastasis.

Conversion of expression from CD44v to CD44s was observed during breast 
cancer progression in murine model. Head and neck squamous cancer cell line was 
associated with overexpression of CD44v3 which lead to significant increase in cell 
migration. In gastrointestinal cancer, CD44v9 levels were found elevated in gastric 
adenocarcinoma, while the CD44v (v6–10, v7–10, v8–10) were primarily found in 
gastric tumors when studied in the transgenic mice model of gastric carcinogene-
sis [31].

6.2  HIV

The human immunodeficiency virus type 1 (HIV-1) encephalitis causes damage to 
the brain by longstanding HIV infection, in which predominant cells like mono-
cytes/macrophages are available. Angiocentric CD3+ T-cell-based endothelial injury 
resulted in infection of the child brain with HIV via the blood-brain barrier [32]. 
HIV-infection-based reduction in CD4+ T cell gradually affects immune cell homeo-
stasis which may cause death. HIV replicates by binding to the CD4 molecule on 
the outer body of Th cells which leads to destruction of CD4+ T cells and gradual 
reduction in number of T cell [33]. While CD4 levels decline, the expansion in CD8 
T cells, which occurs resulting in disturbances of the T-cell compartment, is attrib-
uted to the severe symptoms seen in HIV-infected patients. Dysregulation in the 
levels of CD4 and CD8 provide insights into the immunological response to acute 
HIV infection. CD4:CD8 ratios have profound effect on HIV disease progression 
which marks imbalance in CD4 T-cell regeneration and persistently elevated CD8 
T-cell counts [34].
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6.3  Tuberculosis

CD4 and CD8 T cell have significant role in protection from Mycobacterium tuber-
culosis [35–37]. Several reports suggest that CD4+ T cells exert a profound role in 
protection against Mycobacterium tuberculosis than CD8+ T cell. CD4+ T cells have 
several subsets, like Th1, Th2, Th17, and regulatory T cells, and all these subsets 
come together to enable infection management. Some CD4 subsets may distinguish 
between active and dormant forms in mycobacterium tuberculosis infection. CD4+ 
Th1 cell-based defense mechanism against infection leads to secretion of cytokines 
like interferon-gamma (IFN-γ) or tumor necrosis factor (TNF-α) which are involved 
in the recruitment and activation of monocytes and granulocytes [38].

7  Antagonist for Ligand Binding

The antagonists of CD are group of antibodies, antigen-binding portions of antibod-
ies, small organic molecules, aptamers, or polypeptides. The efficacy of anti-CD 
antibodies against various cancers and HIV has been well studied. Studies with such 
antagonist are summarized in Table 13.1.

8  Ligands Explored

8.1  Osteopontin (OPN)

OPN binding induces CD44-mediated cell signaling which results in tumor sup-
pression and metastasis. OPN and CD44 expression revealed positive correlation in 
159 non-small cell lung cancers and 243 gastric cancer patients’ tissues. CD44 
knock-down or anti-CD44 antibody reduces the secretion of OPN which prevented 
OPN-activated c-jun-NH2-kinase signals leading to a reduction in colorectal cancer 
cells clonogenicity [51, 52].

8.2  Chondroitin Sulfate (CS)

CS potentiated efficacy of gemcitabine by enhancing inhibition of bladder cancer 
cells. CS-g-polymer-based camptothecin micelles exhibited dual receptor-mediated 
uptake mechanism through CD44 via clathrin-mediated endocytosis and exhibited 
potentiated effect in lung cancer cells compared to free drug [53, 54].
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9  Receptor-Mediated Targeting Strategies

Targeting to immune cell subsets such as CD receptor which are overexpressed in 
tumor conditions are more beneficial than attempts to target cancer cells directly 
because immune cells subsets can migrate actively into cancer cells [55]. 

Table 13.1 Anti-CD antibodies effective against cancer and HIV

Antibody CD specific Comments References

OKT3 (muromonab, 
murine)

CD3 Reduced acute rejection in organ 
transplantation procedures

[39]

Visilizumab (HuM291, 
humanized)

CD3 Efficacy against graft-versus-host disease 
in marrow transplantation (prevented 
rejection)

[40]

Ibalizumab 
(humanized)

CD4 Increased protection against HIV fusion 
and entry

[41]

TNX-355 (humanized) CD4 Potent activity against HIV-1 by blocking 
HIV binding to the CCR5 and CXCR4 
coreceptors

[42]

Zanolimumab 
(humanized)

CD4 Treatment of cutaneous T-cell lymphoma 
(CTCL) by inhibition of T-cell signaling 
via a dual action, namely, potent 
Fc-dependent lysis of CD4+ T cells and 
downregulating CD4

[43]

AFM11 (humanized) CD3, CD19 Promising for treatment of CD19+ 
malignancies the advantage of improved 
safety risk profile

[44]

GBR401
(humanized)

CD19 Markedly, higher antibody-dependent 
cytotoxicity on primary malignant B cells 
at 500 times lower concentration 
compared to fucosylated similar mAb and 
to rituximab

[45]

SAR3419 (humanized) CD19 Trigger cell-cycle arrest and apoptosis, 
leading to cell death and tumor regression

[46]

Combotox
(humanized antibody 
huB4 conjugated to the 
maytansine derivative 
DM4)

CD19, 
CD22+ 
diphtheria 
toxin

Enhanced specificity and potent activity in 
human pre-B-ALL blasts cells

[47]

DT2219ARL
(humanized)

CD19, 
CD22+ 
diphtheria 
toxin

Treatment of positive B-cell leukemia or 
lymphoma

[48]

Ofatumumab (Arzerra/
Genmab)
(fully human)

CD20 Long-lasting depletion of B cells from 
peripheral blood and lymph nodes of 
cynomologus monkeys compared to 
rituximab

[49]

KM201, KM114, IM7 
(Rat)

CD44 Reduced the clinical severity of arthritis in 
ameliorate murine model

[50]
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 Antibody- conjugated drugs (ADC) are considered as new therapeutics for cancer 
treatment and infectious diseases that comprise of CD-antibody which can specifi-
cally target disease-associated CD antigen conjugated with drug. The efficacy of 
ADC highly depends on intracellular-uptake-enabled apoptosis of diseased cells. 
Antibody- conjugated drug is internalized through receptor-mediated endocytosis, 
that is, clathrin/caveolae-mediated endocytosis [56–58].

9.1  Prodrugs

Targeted antibody-mediated prodrug therapy is an approach wherein the antibody 
recognizes the tumor site to enable localization following which enzymes at the site 
will hydrolyze the prodrug to release the anticancer agent in the tumor [59, 60]. 
Such antibody-directed enzyme prodrug therapy (ADEPT) provides many advan-
tages such as amplification (increase the number of drug molecules at site of action), 
has bystander effect (ability of drug molecule to diffuse to neighboring cells), 
reduce systemic side effects and potential to overcome drug resistance [61].

Chimeric anti-CD20 antibody are highly effective in the therapy of B-cell malig-
nancies and non-Hodgkin lymphoma (NHL) and chronic lymphocytic leukemia 
(CLL) either individually or as combinatorial approach with other chemotherapy 
treatments [62]. For example, Haisma et  al. demonstrated antibody-mediated 
enzyme prodrug therapy by engineering monochain of fusion protein Anti-CD20 
antibody and human β-Glucuronidase enzyme to convert a prodrug N-[4-doxorubicin 
(DOX)-N-carbonyl(-oxy ethyl) phenyl] O-β-glucuronyl carbamate into DOX at the 
tumor site [63].

9.2  Drug Conjugates

Conjugates can be prepared by reaction between polymer and targeting antibody/
proteins or therapeutic cargoes like drug and antigens. Release of the therapeutic 
cargo from the conjugates at the targeted site is mediated by intracellular lysosomal 
enzymes after cell internalization. DOX conjugated to a copolymer of N- 
(2- hydroxypropyl) methacrylamide (HPMA) linked with targeting antibody such as 
anti-CD4, anti-CD71, reduced the MDR of DOX [64]. Targetable anti-CD3 anti-
body DOX-N-(2-hydroxypropyl) conjugate revealed inhibition of proliferation of 
human T cell and peripheral-blood lymphocyte [65]. Neomycin B-arginine conju-
gate (NeoR) showed 30-fold enhanced potency by inhibiting HIV particle binding 
to CD4 in HIV-1 strains R5 and X4 [66]. Human serum albumin (HSA)-CD4 hybrid 
revealed comparable in vitro binding and antiviral properties with 140-fold higher 
elimination half-life compared to soluble CD4  in rabbit model [67]. In another 
study, SAR3419 an anti-CD19 antibody was attached to the DM4 (maytansine 
derivative) via a cleavable disulfide linker. Mice xenograft-model-based preclinical 
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study of maytansine derivative–anti-CD19 conjugate followed by conduction of 
Phase I trials revealed antitumor efficacy with acceptable safety in human B-cell 
lymphoma models [68]. The conjugation of proteins and DNAs or peptide nucleic 
acids (PNAs) has also been explored. A tetramer of anti-CD20-Fab conjugated with 
PNAs showed in  vitro potent and specific cytotoxicity followed by induction of 
apoptosis of CD20+ Ramos cells [69].

9.3  Nanocarriers

9.3.1  Liposomes

Liposomes are lipid bilayer vesicles made up of natural or synthetic lipid which are 
used for active targeting by functionalizing with ligand. Targeted-liposome delivery 
of drugs enhances the interaction with the target cells by fusion with the cell mem-
brane surface or internalization by endocytosis. Antibody-combined liposomes 
called immunoliposomes can be prepared by antibody lipid conjugates, covalently 
attaching antibody to liposomes or by adsorption on the liposomal surface.

Vaidya et al. developed tri-functional immunoliposome (TFIL) by conjugating 
Trastuzumab (anti-human epidermal growth factor receptor-2) and OKT-3 (anti-
 CD3) antibodies to DOX-loaded liposome using the micelle transfer method. TFIL 
revealed good cytotoxicity in breast cancer tumor cells by activating immune cells 
(T lymphocyte) [70]. Ishida et al. prepared sterically stabilized immunoliposomes 
(SIL) by attaching anti-CD19 antibody to PEG lipid derivatives which revealed 
stealth property enabled threefold enhancement in liposomal association efficiency 
with CD19+ human B cell lymphoma cells [71]. Theresa et al. demonstrated that 
anti-CD19 antibody-conjugated liposomal DOX improved the therapeutic effi-
ciency without significant toxicity in immunodeficient (SCID) mice inoculated with 
human B-cell lymphoma (Namalwa) cells [72]. Flasher et  al. examined binding 
ability of soluble CD4-conjugated liposomes to glycoprotein gpl20 of HIV-infected 
cell and revealed high association efficiency compared to unconjugated liposomes 
[73]. Glycosylphosphatidylinositol (GPI)-anchored form of gp120 of HIV-1 which 
employed GPI signal of decay acceleration factor (DAF) revealed spontaneous 
insertion into liposome membrane using GPI anchor. This liposome exhibited spe-
cific binding to CD4. A succinct summary of other liposome-based CD44 receptor 
targeting for cancer is provided in Table 13.2.

9.3.2  Nanoparticles

The diversity and physical, chemical, and biological versatility of nanoparticles can 
be exploited for use in targeted cancer and infectious disease therapy. The specific-
ity of antibody-conjugated nanoparticles can be exploited to focus the delivery of 
drug to targeted cells overexpressing the targeted surface antigen. 
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 Biotinylated- anti- CD3 antibodies conjugated with gelatin nanoparticles are reported 
to achieve specific receptor-mediated endocytic cellular uptake into human T-cell 
leukemia cells [78]. The targeting ability of anti-human CD8 antibody coupled with 
PLGA (poly(lactic-co-glycolic acid) nanoparticles to CD8 expressing mammalian 
cells was confirmed by the presence of anti-CD8-conjugated nanoparticles in cells 
within 1 h while unconjugated nanoparticles took 48 h [79]. Immunonanoparticles 
obtained by surface functionalization of paclitaxel-loaded polymeric nanoparticles 
with anti- HER2 (Herceptin®) and anti-CD20 (Mabthera®) antibodies demon-
strated improved anticancer drug efficacy due to active targeting using immune 
nanoparticles [80].

Table 13.2 Liposomes and nanoparticles for CD44 targeted delivery in cancer

Active/ targeting system Ligand Study outcome References

Liposomes

Timosaponin AIII Anti-CD44 
antibody

Enhanced circulation time and 
receptor- mediated targeting in HepG2 
tumor-bearing mice models

[74]

DOX Hyaluronic 
acid

Avid binding and temperature- 
dependent internalization in B16F10 
cells (murine melanoma)

[75]

Arginine- and histidine- 
rich cell penetrating 
peptide

Hyaluronic 
acid

Enhanced liposomal uptake and 
improved efficacy in a murine hepatic 
carcinoma tumor xenograft model

[76]

Modified RNA Aptamer 
(APT)

– Higher sensitivity and selectivity for 
APT liposome in human lung cancer 
cells (A549) and human breast cancer 
cells (MDA-MB-231)

[77]

Nanoparticles (NPs)

Mitoxantrone (MTX)-
conjugated HA-PEGylated 
magnetic nanoparticles

Hyaluronic 
acid (HA)

Significantly improved binding and 
internalization into MDA-MB-231 cell 
line

[81]

SN38-conjugated 
hyaluronic acid gold 
nanoparticles

Hyaluronic 
acid (HA)

LED radiation-induced increased 
cytotoxicity and retention up to 8 days 
in metastatic colon cancer

[82]

HA-coated mesoporous 
silica nanoparticles 
(MSNs)

Hyaluronic 
acid (HA)

Higher endocytosis HCT-116 cells [83]

Camptothecin-loaded 
HA-decorated mesoporous 
silica nanoparticles

Hyaluronic 
acid (HA)

Rapid internalization in HeLa cells and 
enhanced antitumor activity compared 
to free drug

[84]

Hyaluronic acid-paclitaxel 
(PTX) -self-assembled 
nanoparticles

Hyaluronic 
acid (HA)

Fourfold reduction in tumor volume on 
day 14 in H22 tumor-bearing mice 
model

[85]

Hyaluronic acid 
deoxycholic acid 
conjugated NPs

Hyaluronic 
acid (HA)

Enhanced endocytosis in human breast 
adenocarcinoma cells with higher tumor 
targeting capacity in tumor-bearing 
mice

[86]
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CD44 is among the more extensively evaluated receptors for targeted delivery in 
cancer therapy. Strategies employing CD44 targeted nanoparticles for drug delivery 
in cancer are enlisted in Table 13.2.

9.3.3  Micelles

Micelles are nanoscopic structures, less than 100 nm described by a hydrophobic 
core structure in the center and are formed by self-assembly of amphiphilic copoly-
mers in aqueous media above a concentration called the critical micelle concentra-
tion (CMC). DOX-loaded micelles conjugated with hyaluronic acid (HA)-grafted 
with folic acid developed to target CD44-positive tumor, revealed significant 
enhancement in cellular uptake by CD44 receptor-mediated endocytosis, and prom-
ising tumor targeting in HCCLM3 (human hepatocellular carcinoma cell line) 
tumor-bearing nude mice [87]. In tumor-associated tissue, various glycans are often 
overexpressed as compared to normal tissues, which can be targeted for tumor ther-
apy [88, 89]. Agrawal et al. conjugated hyaluronic acid with DOX-loaded PEG–
PLGA (polyethylene glycol–poly lactic acid-co-glycolic acid) micelles to improve 
targeting in CD44 overexpressed in the Ehrlich ascites tumor-bearing mice. The 
developed system revealed high efficacy and also blood circulation longevity which 
could have facilitated high tumor accumulation [90].

9.3.4  Solid Lipid Nanoparticles (SLN)

Receptor-mediated targeting strategies for cancer or infected cells using SLN have 
specific applications for delivering hydrophobic cargos. For instance, Shen et al. 
developed paclitaxel- loaded HA-coated SLNs which provided effective intracellu-
lar delivery of paclitaxel and induced apoptosis in CD44+ cells in vitro, while in vivo 
study demonstrated selectively enhanced targeting in CD44 overexpressed tumor- 
bearing lung tissues along with enhanced antitumor activity at low doses of pacli-
taxel [91]. Indinavir-lipid nanoparticles (LNP) were engineered for surface 
modification with two CD4 binding peptides (BP4 and BP2). These CD4-binding 
peptides coupled on LNPs led to blockage of CD4 with considerably enhanced anti- 
HIV activity [92].

9.3.5  Miscellaneous

Nanosheets

Li et  al. have demonstrated HA-conjugated Graphene oxide (GO) sheets loaded 
with a photosensitizer Chlorine6 (Ce6). Nanohybrids of HA–GO/Ce6 revealed a 
significantly rapid and tenfold enhanced uptake in HeLa cancer cell line in 
 comparison to free Ce6 which was ascribed to HA-facilitated CD44-receptor-
mediated endocytosis [93].
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Scaffolds

Tumor-specific, anti-CD20-bound paclitaxel-loaded albumin scaffold was engi-
neered. In vivo biodistribution study showed greater therapeutic potential than only 
anti-CD20 and paclitaxel-loaded albumin scaffold. Preclinical testing of this formu-
lation demonstrated increased deposition of antibody-mediated drug in the tumor, 
justifying translation for clinical evaluation of this nano-antibody-targeted chemo-
therapy [94].

Nanoparticles as Theranostics

Molecular imaging with targeted drug delivery in cancer has been extensively used 
for effective therapy and diagnosis [95]. For instance, Jiefu Jin et al. studied CD44 
targeted mAb (monoclonal antibody) photosensitizer complex for simultaneous 
detection with photo-induced therapy (PIT) in the CD44-positive triple negative 
xenograft model of breast cancer (TNBC) and found it promising [95]. Liposomes 
were loaded with DOX or a triple fusion (TF) gene containing the truncated thymi-
dine kinase (HSV-ttk) of herpes simplex virus and the red fluorescent protein (RFP) 
renilla luciferase (Rluc) for imaging. These Anti-CD44 antibody-conjugated lipo-
somes ensured targeting of CD44 hepatocellular carcinoma cells with good cytotox-
icity and also revealed delay in growth of hepatocellular tumor [96]. Capolla et al. 
developed anti-CD20-conjugated biodegradable nanoparticles for animal imaging 
with drug delivery to cancerous cells. The nanoparticles exhibited good binding 
specificity with MEC1 cells and chronic lymphocytic leukemia patient’s cells. In 
vivo study proposed that the anti-CD20-conjugated nanoparticles improved tumor 
pharmacokinetic profiles and enhanced tumor imaging compared to nontargeted 
nanoparticles in human/mouse model of B-cell malignancy [97].

9.4  Clinical Studies

Monoclonal antibodies are considered as an emerging class of pharmaceuticals for 
targeted therapy of many human diseases such as cancer, HIV or other infectious 
diseases. Although many antibody-targeting strategies are developing and five anti-
bodies are now approved for cancer or infectious diseases, more approvals are 
expected from among the 20 or so antibodies currently in clinical development. The 
efficacy of anticancer drug by targeting to site of action is being met by the explora-
tion of a wide range CD-antigen-targeted strategies, however, there is clinical need 
to increase the safety [98]. In clinical trials, Besponsa® and Mylotarg™ are recently 
approved and >50 ADCs, which are in various phases of clinical trial as monother-
apy or in combination with other anticancer drug for treatment of several types of 
cancer, show desirable results [99]. Clinical trial status with these receptor- mediated 
antibodies is listed in Table 13.3.
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9.5  Advantages and Limitations

CD receptor-mediated treatments for infections and cancer revealed targeting based 
enhancement in efficacy which could result in long-term survival and eventual care 
of such diseases [105–106]. Anti-CD chemotherapeutic monoclonal antibodies 
(CmAbs) possess generally mild adverse effects compared to standard chemother-
apy, while conjugated CmAbs precipitate serious adverse effects. These adverse 
effects are usually associated with the antigens which they are targeting and with the 
intravenous route of administration [106]. For example, bevacizumab targets tumor 
growth factor in the blood vessels and produces adverse effects such as high blood 
pressure and renal damage [107]. Rituximab treatment has infusion-related 
responses such as syndrome of cytokine release and syndrome of tumor lysis [108]. 
Other negative reactions prevalent with most CmAbs include chills, weakness, 
headache, nausea, vomiting, diarrhea, hypotension, and eruption.

Although excellent progress is evident in the field of antibody engineering and 
cancer therapy, manufacturing costs are approximately twice the price of conven-
tional medicines [109]. There is no doubt that CmAbs engineering has marked a 

Table 13.3 List of CD targeting antibodies in clinical trials

Antibodies
CD Targeting 
moieties

Clinical 
trials Indication

Outcome/
measures References

BI-1206 with 
rituximab

Anti-CD32b 
monoclonal 
antibody 
(BI-1206) and 
anti-CD20 
antibody

Phase 1 
(ongoing)

B-cell 
lymphoma 
and leukemia

Study ongoing [100]

Removab Anti-EpCAM 
(human epithelial 
adhesion 
molecule) x 
Anti-CD3

Phase 1/2 Ovarian 
cancer

Study revealed 
decreased in 
EpCAM+ 
malignant cells in 
ascites by up to 5 
log

[101]

Ibalizumab Anti-CD4 Completed Multidrug- 
resistant 
HIV-1 
infection

Study revealed 
significant 
reduction in 
HIV. RNA was 
1.1 log10 copies 
per ml

[102]

HuMax-CD4 Human 
monoclonal 
anti-CD4 
antibody

Completed Refractory 
cutaneous 
T-cell 
lymphoma

Well tolerated 
with no major 
toxicity

[103]

Rituximab Anti-CD20 
monoclonal 
antibody

Completed Low-grade 
non-Hodgkin 
lymphoma

Well tolerated and 
extremely 
effective in 
patients

[104]
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major milestone in cancer therapy, and with the success rate of marketing these 
drugs better than that of small molecular drugs, pharmaceutical companies are 
anticipated to continue to move toward more specific, less harmful, and more cost- 
effective CmAb.

10  Conclusion

CD receptor-targeted drug delivery provides tremendous scope in clinical applica-
tion. Targeting the overexpressed CD receptor represents an exciting novel approach 
for infectious diseases and cancer.
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Chapter 14
Folate Receptor and Targeting Strategies

Bhagyashri Joshi, Sukhada S. Shevade, Prajakta Dandekar, 
and Padma V. Devarajan

Abstract The folate receptor (FR) is essential for intracellular transport of folic 
acid, a vital enzymatic cofactor required for cell survival and growth. FR exists in 
four isoforms termed as α, β, γ, and δ having variable affinity for folate ligand and 
exhibit differential expression in normal tissues. The receptors are known to amplify 
in a broad spectrum of cancers and therefore have been extensively explored to treat 
as well as to diagnose various cancers. This chapter presents an overview of the 
receptor family, ligands explored, pathophysiological features, importance of FR in 
therapeutics and diagnostics, different FR-mediated delivery systems, and clinical 
studies relying on FR targeting.

Keywords Folate · Cancer · Infectious disease · Macrophage · Targeting · 
Photodynamic therapy · Theranostics
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Arg Arginine
CD Clusters of differentiation
CDDP Cis-diamminedichloroplatinum
CLL Chronic lymphocytic leukemia
CML Chronic myelogenous leukemias
CT Computed tomography
DNA Deoxyribonucleic acid
DPPE Dipalmitoyl phosphatidylethanolamine
DSPC 1,2-Distearoyl-sn-glycero-3-phosphatidylcholine
DSPE 1,2-Distearoylphosphatidylethanolamine
EPR effect Enhanced permeation and retention effect
FA Folic acid
FA-PEG/PEO–PPO–PCL  Folic acid–polyethyleneglycol/polyethyleneoxide- 

poly(Ɛ-caprolactone)
FA-PEG-DOX Folic acid–polyethylene glycol–doxorubicin
FA-PEG-PLA Folic acid–polyethylene glycol–polylactic acid
FITC Fluorescein isothiocyanate
FR Folate receptor
Glu Glutamic acid
Gly Glycine
GPI Glycosyl phosphatidylinositol
HDL High density lipid
HeLa Cervical cancer cell lines
HepG2 Hepatocellular carcinoma cell line
His Histidine
HT 29 A human colorectal adenocarcinoma cell line
HT-1080 A human fibrosarcoma cell line
HuR Human antigen R
IC50 Inhibitory concentration 50
IM Intramuscular
JEG-3 and JAR Placental choriocarcinoma cell lines
KB  Line KB is now known to be a subline of the ubiqui-

tous KERATIN-forming tumor cell line HeLa
Leu Leucine
mab 343 A monoclonal antibody to FR-α
mab 909 A monoclonal antibody to FR-β
met Methionine
MKN28 Gastric cancer cell line
MRI Magnetic resonance imaging
m-RNA Messenger RNA
NIR Near infra red
NLCs nanostructured lipid carriers
PAMAM Polyamidoamine
PE Phosphatidylethanolamine
PEG Polyethylene glycol
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PEO–PPO–PCL  Polyethylene oxide-polypropylene oxide-poly 
(Ɛ-caprolactone)

PET Positron emission tomography
P-gp P-glycoprotein
Phe Phenylalanine
PLGA Poly lactic-co-glycolic acid
Pro Proline
PTX Paclitaxel
RFC Reduced folate carrier
RNA Ribonucleic acid
Ser Serine
siRNA Small interfering RNA
SKOV3 Ovarian cancer cell line
SLN Solid lipid nanoparticles
TAM Tumor-associated macrophages
Thr Threonine
Trp Tryptophan
Tyr Tyrosine
UVA Ultraviolet A
Val Valine

1  Introduction

The folate receptor (FR) family plays a crucial role in the uptake of folic acid, com-
monly known as vitamin B9, which plays a key role in the synthesis of RNA and 
DNA, aids epigenetic processes and is also involved in cellular proliferation and 
survival [1, 2]. It is overexpressed on proliferating cells which require large amounts 
of folic acid to satiate the need. The receptor is also expressed on activated macro-
phages [3]. Targeting the FR to prevent folic acid uptake or employing the FR to 
deliver therapeutics using nanocarrier strategies can be rewarding in improved 
therapy of cancer and perhaps infectious diseases.

2  The Folate Receptor

The FR family includes four FR isoforms, out of which FR-α, FR-β, and FR-δ are 
glycosylphosphatidylinositol (GPI) anchored receptors, whereas FR-γ is a soluble 
glycoprotein secreted by lymphoid cells [4, 5]. FR-α is widely expressed by epithe-
lial linings, FR-β serves as a differential marker in macrophage maturation and FR-δ 
is expressed by regulatory T cells. Out of the four isoforms, FR-α and FR-β are con-
sidered to be major players for regulating the folic acid transport into the cell. FR-α 
appears on apical side of renal tubular epithelial cell and plays an important role in 
renal folate uptake, whereas FR-β is responsible for folate transport through pla-
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centa [6]. FR-α and FR-β are of prime importance in cancer and infectious diseases, 
therefore, the present chapter focuses only on FR-α and FR-β and their exploitation 
in receptor-mediated uptake.

FR-α and FR-β are cysteine-rich membrane-associated globular glycoproteins 
both consisting of 6 α-helices and 4 β-strands and many loop regions. These α heli-
ces and β strands together form a pocket for folate binding and the tertiary structure 
thus formed is stabilized due to the interaction between the cysteine residues which 
form disulfide bonds [7] (Fig. 14.1A) [8]. FR-α and FR-β have molecular weight in 
the range of 38–44 kDa and are encoded by two genes FOLR1 and FOLR2 located 
on chromosome 11 [5]. FR-α and FR-β contain around 229–236 amino acids having 
68–76% similarity in amino acid structure with 3 and 2 sites for N-glycosylation 
respectively [6].

2.1  Ligand Binding and Internalization

FR has a deep negatively charged pocket for folate binding. Folic acid binding 
occurs in such a way that the basic pteroate moiety fits into the pocket, whereas 
glutamate residue hangs out of the positively charged entrance [7] (Fig. 14.1B) [8]. 
Interactions of pteroate with the FR pocket are mainly hydrogen bonding and hydro-
phobic interactions. The most prevalent physiological form of folic acid, 5-methyl 
tetrahydrofolic acid also follows the same pattern of binding to FR [7]. As glutamic 
acid is not involved in receptor binding, it can be utilized to conjugate chemothera-
peutic agent without altering the high binding affinity of folic acid.

Once folate is bound to the receptor, it is carried into the cell via caveolae- 
mediated endocytosis. FRs are concentrated in small flask-like membrane invagina-
tions known as caveolae; upon binding to folate ligand caveolae closes itself thereby 
sequestering FR inside the caveolae. Transient acidification occurs inside caveolae 
resulting in dissociation of FR complex and free apo-FRs are recycled to mem-
brane. Released folates are then transported to cytoplasm through anion transporters 
(RFC) through process called as potocytosis [5, 9].

Fig. 14.1 Schematic representation of (A) folate receptor and (B) folic acid binding to folate 
receptor. (Reproduced from [8])
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FRs have high affinity for folic acid with KD of approximately 1 nM and around 
1–10 nM for reduced folate [10]. High-binding affinity between receptor and ligand 
forms the basis of targeted drug delivery system. There exists a significant difference 
in relative affinities toward FR-α for 6S (physiologic) and 6R (nonphysiologic) dia-
stereomers of various folates such as 5-CH3-THF and 5-CHO-THF. On the contrary, 
FR-β binds preferably to (6R) stereoisomer over (6S) stereoisomer of 5-CH3- 
THF. Such differences in binding affinities are localized to Leu-49, Phe-104, and 
Gly-164 in FR-β as replacement of these residues with the corresponding amino 
acids from FR-α (Ala, Val, and Glu, respectively) effectively reconstitutes the 
FR-β- binding phenotype [6].

2.2  Natural and Synthetic Ligands

Folic acid and its prevalent physiological form 5-methyl tetrahydrofolate and 
10-formyl tetrahydrofolate are naturally occurring ligands to FR.  Synthetic 
ligands for FR-β such as [18F]fluoro-PEG-folate, [99mTc]folate, γ-[18F]- 
4- fluorobenzylamine-folate, [18F]-Click folate, and 2-[18F]fluorofolic acid have 
been reported as PET imaging agents for cancer and in inflammation diseases [11]. 
Lijun Xing et al. report a synthetic peptide C7 (Met-His-Thr-Ala-Pro-Gly-Trp-Gly- 
Tyr-Arg-Leu-Ser) which acts as a potent agonist selectively for FR-α. Docking 
study confirmed that C-terminal amino acid plays an important role in forming sta-
ble hydrogen bond with FR-α with affinity of around 0.3 μM. In cell line studies 
using SKOV3, FITC-conjugated C7 peptide exhibited improved internalization 
hence highlighting the possible potential of C7 peptide conjugate for receptor- 
mediated drug delivery [12].

2.3  Antifolates and Antifolate Receptor Antibodies

Antifolates are the inhibitors of dihydrofolate reductase enzyme and function by 
reducing dihydrofolic acid to tetrahydrofolic acid. Examples of such antifolates are 
methotrexate, pemetrexed, aminopterin, etc. Methotrexate is considered as a gold 
standard in the treatment of various cancers including lymphoma, acute lymbho-
blastic leukemia (ALL), breast cancer, and osteogenic sarcomas [6]. Majority of 
antifolates have low affinity for FR with better affinity for FR-α as compared to 
FR-β. Affinity of methotrexate toward FR-α is 100 times lower as compared to 
affinity of folic acid [7].

Anti-FR antibodies are another important class of anticancer agent. Anti-FR 
antibodies are the antibodies against FR which elicit antibody-dependent and 
complement- dependent cytotoxicity upon binding to FRs thus inhibiting tumor growth. 
Such antibodies can be combined with chemotherapeutic agent to achieve receptor-
mediated uptake for cancer therapy [13]. Two anti-FR antibodies are currently in the 
clinical trials, details of which are discussed in Sect. 6 of this chapter.
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3  Pathophysiological Features in Cancer and Infection

3.1  Expression in Normal Tissue

FR-α is normally expressed on columnar epithelium of fallopian tube, kidney, lung 
(type I and II) pneumocytes [14], breast [15], and choroid plexus [16], whereas FR-β 
is majorly expressed on hematopoietic cells [17] and placenta [18]. FR-α is specifi-
cally expressed on the apical (luminal) side of epithelial cells of most of the human 
tissues [19], but on basolateral side of human retinal pigment endothelial cells [20]. 
It is noted that although FR is expressed in most of the normal tissues, it exhibits 
isoform tissue specificity and variability in extent of expression in different tissues.

3.2  Expression in Various Malignancies

FR overexpression in cancerous tissue suggests immense relevance in harnessing the 
receptor as a target for cancer therapy. Many cancers are known to express FRs at a 
level that is significantly higher as compared to normal human tissues; exploring this 
fact, various approaches can be developed for specific delivery of chemotherapeutic 
agents to cancerous tissue. FR is regulated in carcinoma at various levels such as 
translational level [21, 22] m-RNA level [23] or at gene amplification level.

3.2.1  Ovarian Cancer

FR overexpression is commonly observed in cancerous gynecological tissues 
including epithelial ovarian cancers, ovarian cancer originating from fallopian tube, 
fallopian adenocarcinoma and breast carcinomas [15]. FR is present in negligible 
amounts (<2.5 pmol/mg) in normal ovarian tissue and mucinous ovary cancers [16, 
24] and in contrast, extensively expressed (16–34 pmol/mg) in nonmucinous ovar-
ian cancers such as endometrioid, serous carcinoma, and in metastatic ovarian can-
cers. Therefore, ovarian cancer targeting via FR is a feasible approach and has been 
studied in great detail [24, 25].

3.2.2  Breast Cancer

Reports are published on folate distribution profile in normal and malignant breast 
tissue [18, 26]. Interestingly, focus has been shifted to establish the relation of FR 
expression with other hormone receptors, tumor grades, and clinical outcomes, and 
thus to utilize FR as a prognostic tool in breast cancer patients [27]. FR overexpres-
sion confers growth advantage in triple negative breast cancer cells in low folate 
environment [28]. In another study, significant FR-α expression was observed in 
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invasive ductal breast carcinoma as compared to nonneoplastic breast specimens. 
FR-α expression was inversely related to hormone receptors (estrogen and proges-
terone) expression [29].

3.2.3  Fallopian Tube Adenocarcinoma

FR-α is abundantly expressed specifically in columnar epithelium of normal fallo-
pian tube. On the contrary, stromal compartment appears to be negative for both 
FR-α as well as for FR-β. Interestingly, in fallopian tube adenocarcinoma, FR-α was 
expressed significantly in epithelial cells, while mRNA for FR-β was found in stro-
mal cells surrounding the fallopian tube adenocarcinoma which were associated 
with the tumor-associated macrophages (TAM) [15], proving the isoform specificity 
of FR. FR-α was also expressed in placental choriocarcinoma cell lines (JEG-3 and 
JAR) [18] and in 40% of the endometrial carcinoma samples [24].

3.2.4  Head and Neck Cancer

FR expression was studied in head and neck tumor explants and in carcinoma cell 
lines. Tumor tissue explants exhibited moderate levels of FR-β, but insignificant 
expression of FR-α [18].

3.2.5  Lung Cancer

A study of lung carcinoma samples revealed that although 73% samples were FR+, 
FR expression was not enhanced and was comparable to normal lung tissue [24]. 
However, in case of pleural mesothelioma, 72% samples exhibited 2–4 fold enhance-
ment in FR-α mRNA expression as compared to normal lung tissue [14].

3.2.6  Brain Cancer

FR was found to be overexpressed in 4 out of 6 brain tumor biopsy samples using 
immunoblot technique with MOv l9 [16]. In primary pediatric malignancies involv-
ing the central nervous system, association of FR with ependymoma tumors was 
observed using western blot technique with MOv19 [30].

3.2.7  Renal Cancer

Significantly high levels of FR-β were observed in nonepithelial carcinomas of kidney 
in comparison to healthy kidney tissue, whereas epithelial carcinoma revealed overex-
pression of both FR-α and FR-β [18]. In one study, all renal carcinoma samples were 
observed to be highly positive for FR expression (12.42 pmol/mg) [16].
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3.2.8  Leukemia

FR-mediated targeting is not limited to solid tumors but can be explored for leuke-
mia cells. FR-β is specific for hematopoietic cells and carcinomas associated with 
hematopoietic tissue like bone marrow, spleen, and thymus [17, 31]. The presence 
of FR-β in normal spleen and bone marrow as well as in their malignancies includ-
ing chronic (CML) and acute (AML) myelogenous leukemias, chronic lymphocytic 
leukemia (CLL) is demonstrated [31]. FR-β is specifically expressed by neutrophils 
suggesting that FR-β is restricted to neutrophil lineage. Thus, FR-β can act as poten-
tial marker for myeloid leukemia and also can be looked as a prognostic tool for 
mapping leukemia progression. This selective expression of FR-β isoforms in leu-
kemic cells can be selectively targeted in chemotherapy without affecting normal 
cells [17].

3.2.9  Bladder Cancer

FR expression in 43% of human invasive urothelial carcinoma when analyzed using 
mab 343 (a monoclonal antibody to FR-α) and mab 909 (a monoclonal antibody to 
FR-β) revealed that both FR-α and FR-β are expressed in bladder carcinoma [32].

3.2.10  Colorectal Cancer

Although FR is not observed in normal colorectal mucosa and in adenoma, FR-α is 
overexpressed in primary and metastatic colorectal carcinoma [33, 34].

3.2.11  Metastatic Cancers

In case of metastatic cancers, it has been shown that some overexpressed FR-α, oth-
ers overexpressed FR-β, while in case of certain cancers there was no considerable 
FR overexpression observed [24].

3.3  Expression in Inflammatory and Infectious Diseases

FR-β is induced on macrophages when activated by external stimuli such as infec-
tion. In activated macrophages, FR-β is coexpressed with other cell surface antigens 
such as CD 68, CD 80, and CD 11b. Macrophages that are not activated do not 
express FR. Thus, FR serves as a marker for macrophage activation. Such macro-
phage activation can occur due to opportunistic infections or in the case of autoim-
mune and inflammatory conditions. FR-β targeting provides a useful strategy for 

B. Joshi et al.



415

targeting drugs selectively to activated macrophages. In rheumatoid arthritis 
patients, inflamed joints have been found to accumulate FR+ macrophages. Such 
expression of FR has been reported on a subset of peritoneal and synovial macro-
phages [3].

Interestingly, two reports put forth the hypothesis of FR being utilized for virus 
transport into the human cell. S Y Chan et  al. showed that Ebola and Marburg 
viruses causing hemorrhagic fever in humans use FR-α as a cofactor for cellular 
entry [35]. His findings were challenged by Graham Simmons et al. who proved that 
FR-α is not required for Ebola entry into the cells [36].

4  Receptor Targeting Strategies

FR-targeted systems have shown great promise for the treatment of FR-expressing 
carcinomas including ovarian, cervical, breast cancer, small lung cell carcinoma, 
leukemia, etc. This strategy has majorly been explored for the purpose of targeting 
chemotherapeutic agents such as doxorubicin, paclitaxel, cisplatin, and daunorubicin 
to FR+ tumor tissue. Furthermore, focus is now shifting to utilize folic acid as a 
ligand for theranostic application that serves the dual function of noninvasive imag-
ing cum therapy simultaneously. Progress has also been made in utilizing folate- 
anchored nanocarriers for relatively new cancer treatments including photodynamic 
therapy, neutron capture therapy, gene therapy, and immunotherapy [37].

There are two ways to target the FR, one is to encapsulate drug-imaging agent 
into carrier decorated with folic acid and second is through folic acid drug conju-
gates. Myriad of folate-conjugated nanocarriers including liposomes, micelles, 
nanoparticles, solid lipid nanoparticles (SLN), nanoemulsions have been evaluated 
for various cancers [37–39]. Moreover, the number of chemotherapeutic agents and 
macromolecules have been successfully conjugated to folic acid for chemotherapy, 
imaging and for immunotherapy in cancer. Major applications of FR targeting are 
directed toward cancer therapy and are discussed below.

4.1  Folate Conjugates

Folic acid is a small molecule having carboxylic acid functional group thus can 
be easily conjugated to drug molecule. Folate–drug conjugates have been 
reported for anticancer drugs such as vinblastin, doxorubicin, cis-diamminedi-
chloro platinum, etc. In one report, folic acid and doxorubicin were separately 
attached at two ends of a PEG chain to obtain FA-PEG-DOX which forms nano 
aggregates in aqueous media [32]. In another study, vinblastin was linked to folic 
acid via a self- immolative linker which gets cleaved in the endosome to release 
vinblastin to treat invasive urothelial carcinoma [40]. Another report presents, 
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conjugation of cis- diamminedichloroplatinum (CDDP) and folic acid via 
Auricularia auricular polysaccharide aimed to reduce CDDP toxicity [41]. An 
aqueous nanosuspension of folate conjugated via PEG to Annonaceous aceto-
genins, an anticancer phytoconstituent demonstrated 76.45% tumor inhibition 
rate as against 25.29% for nontargeted nanosuspension in female Balb/c nude 
mice bearing HeLa tumor [42]. In one report, folic acid-ursolic acid conjugate 
was found to be more effective in cellular uptake and cytotoxicity in KB cell as 
compared to ursolic acid [43].

Folate can also be conjugated to haptens such as fluorescein isothiocyanate for 
immunotherapy against cancer and arthritis [44] and to macromolecular toxins 
such as momordin [45] and gelonin [46] to elucidate cytotoxic effect selectively to 
cancer cell.

4.2  Nanocarriers

4.2.1  Liposomes

Folate can be easily attached to liposome lipids via polyethylene glycol (PEG). 
Various liposomal phospholipids including 1,2-Distearoylphosphatidylethanolamine 
(DSPE), 1,2-Distearoyl-sn- glycero-3phosphatidylcholine (DSPC), dipalmitoyl 
phosphatidylethanolamine (DPPE), and Phosphatidylethanolamine (PE) have been 
commonly utilized for folate conjugation. A long chain PEG linker (M.W. ≈ 3350) 
has shown to enhance accessibility of attached folate to FR as compared to small 
molecular weight PEG (PEG 2000). Methods to incorporate FA-PEG-lipid into 
liposome include addition during manufacturing, or insertion post manufacturing 
by incubation of FA-PEG-lipid with preformed liposomes [47].

Among various chemotherapeutic agents, doxorubicin is the most evaluated anti-
cancer drug for folic acid-based targeting using liposomes [47–52]. FR-targeting 
pH-sensitive liposomes were evaluated to deliver paclitaxel (PTX) to treat breast 
cancer metastasis in brain [53] and for coadministration of doxorubicin-cum- 
imatinib to overcome doxorubicin resistance in breast cancer [54]. Delivery of oli-
godeoxynucleotides (ODN) to FR+ KB cell line has been reported via cationic 
liposomes which showed 8–10-fold increment in uptake as compared to nonfolate-
conjugated lipidic ODN and free ODN [55]. Folate-anchored lipopolyplex contain-
ing siRNA revealed improved survival in leukemia mice model when administered 
in combination with anticancer drug pretubulysin [56]. In another report, folate-
targeted lipopolyplex loaded with pCMVLuc/pCMVIL-12 plasmid demonstrated 
2.5-fold higher transfection efficiency of gene interleukin-12 as compared to non-
targeted lipopolyplex in mouse melanoma cell line [57].

Folate-conjugated liposomes were tested as a carrier for boron neutron capture 
therapy to treat epithelial carcinoma. These targeted liposomes revealed improved 
boron uptake in KB cell line as compared to nontargeted ones [58].
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4.2.2  Nanoparticles

Major advantage of nanoparticles for cancer treatment is their size in nanoscale due 
to which they exhibit enhanced permeation and retention effect (EPR) and allow 
improved biodistribution in tumor tissue. This passive targeting can be further cou-
pled with active targeting by attaching folic acid to nanoparticle surface to target 
FR+ tumor. Nanoparticles can be multifunctionalized by coupling with more than 
one drug or imaging agent. Furthermore, coupling of folic acid as ligand to nanopar-
ticles can be easily achieved through PEG linker [38]. Different folate-conjugated 
nanoparticles ranging from polymeric nanoparticles, inorganic nanoparticles to 
lipid-based nanoparticles have been reported in the art [39].

In one report, folic acid was attached to lysine which was conjugated to 
PEGylated hydroxyl-terminated hyperbranched polymer. Nanoparticles exhibited 
pH-dependent release of 5-fluorouracil at endosomal pH and showed enhanced 
uptake by HeLa cells [59]. Folic acid–chitosan nanoparticle platform was used to 
deliver tetramethylprazine aiming to reverse doxorubicin resistance in multidrug- 
resistant human breast cancer cell line (MCF-7/ADM). Stronger reversal of resis-
tance was observed for FR-targeted nanoparticles as against nontargeted 
nanoparticles in FR+ MCF-7/ADM and MCF-7 cell lines, however, in FR-deficient 
cell lines K562/ADM and K562 no enhancement was observed [60]. Improved 
HeLa and HT 29 cell line uptake of curcumin-loaded folic acid linked 
O-carboxylmethyl chitosan nanoparticles was demonstrated [61]. The role of FR in 
mediating uptake was demonstrated using folate-conjugated chitosan nanoparticles 
wherein localization in MCF-7 cells was reduced in the presence of folate in culture 
media [62]. In one study, reduction-sensitive folic acid-conjugated polyphospho-
ester nanoparticles were observed to release encapsulated doxorubicin at high glu-
tathione concentration in tumor site [63]. Disulfiram, an oral aldehyde dehydrogenase 
inhibitor encapsulated in FR-targeted PLGA-PEG nanoparticles revealed improved 
MCF-7 cell uptake, increased reactive oxygen species generation and reduced 
tumor weight in BALB/c mice with breast cancer [64].

Folate-conjugated silica and mesoporous silica have gained importance for can-
cer chemotherapy in recent years due their biocompatibility, chemical stability, 
high drug loading ability, controllable particle size, and tunable pore structure [65]. 
Folic acid decorated redox sensitive mesoporous silica nanoparticles loaded with 
cisplatin (IV)-prodrug were prepared aiming to improve localization and reduction- 
guided release thereby mitigating toxic side effects of cisplatin [66]. Paclitaxel-
loaded folic acid-conjugated mesoporous silica nanoparticles revealed high cellular 
uptake and apoptosis in SMMC-7721 liver cancer cell line and also improved the 
accumulation of paclitaxel at the tumor site in nude mice bearing SMMC-7721 
tumor [65]. Folic acid-conjugated mesoporous silica shell-core nanoparticles 
encapsulating rare earth metal complexes were fabricated for improved delivery to 
HepG2 cancer cells [67]. In another report, gold nanorods coated with folic acid-
conjugated silica as a radiation sensitizer were administered along with iodine 125 
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radiotherapy. Enhanced apoptotic rate was seen in hepatocellular carcinoma cell 
line (HepG2) thus highlighting the potential of combination therapy to treat primary 
liver cancer [68].

Other examples of inorganic nanoparticles include hydroxyapatite nanoparti-
cles, magnetic nanoparticles, boron nitride nanoparticles, and carbon nanoparti-
cles, etc. In one study, 5-fluorouracil when encapsulated in nanoparticles having 
hydroxyapatite core and folic acid–gelatin-coated Al2O3 shell demonstrated 
improved cytotoxicity in SKOV3 ovarian cancer cell line as compared to free drug 
and free nanoparticles [69]. Glucose-decorated magnetic nanoparticles loaded 
with doxorubicin and encapsulated in erythrocyte membrane vesicles anchored 
with folic acid- PEG- DSPE ligand revealed 10.33 times less IC50 values for 
A2780 cell line and 3.93-fold IC50 reduction for OVCAR3 cell line compared to 
nonfolate-conjugated nanoparticles [70]. FR-targeted magnetic nanoparticles 
were studied for magnetic field-driven camptothecin delivery to tumor site. 
β-cyclodextrin-folate-anchored dextran polymer-coated camptothecin nickel–zinc 
ferrite nanoparticles demonstrated improved anticancer activity against HeLa cells 
[71]. Doxorubicin was encapsulated in folate-decorated boron nitride nanospheres 
which exhibited enhanced cytotoxicity against HeLa cell line in comparison with 
free doxorubicin and nonfolate-conjugated nanoparticles [72]. One study attempted 
to tackle toxicity issue of doxorubicin by encapsulating it into folate-anchored 
PEGylated polypyrrole nanocapsules. Enhanced tumor localization and reduced 
toxicity to normal organs was observed in vivo which can be attributed to FR tar-
geting as well as pH- responsive release [73]. FR-targeted and magnetic field 
responsive carbon nanotube platform technology was fabricated in which folic acid 
is attached via PEG linker to multiwall carbon nanotubes decorated with Fe3O4 
nanoparticles [74].

Folate–albumin nanoparticles containing cabazitaxel showed 1.87-fold increased 
uptake in HeLa cell line and enhanced tumor site accumulation as compared to 
nontargeted nanoparticles with reduction in organ toxicity compared to paclitaxel 
solution [75]. Paclitaxel-loaded folate–albumin nanoparticles showed improved 
delivery to human prostate cancer PC3 cells as compared to nontargeted nanopar-
ticles [76]. Akt1 antisense oligonucleotide-loaded folate-decorated lipid albumin 
nanoparticles showed cell growth inhibition with IC 50 value of 11.9 μM as com-
pared to 32 μM for nonfolate-conjugated nanoparticle in KB cell line [77].

4.2.3  Micelles

Micellar systems using various polymers such as polylactide co glycolide-PEG 
[78], pullulan-based copolymer [79], succinyl gelatin [80], folate-conjugated 
PEGylated b-copolycarbonates, and methoxy-PEG-b-copolycarbonates [81] are 
reported in the literature for delivering doxorubicin to FR+ tumors. Doxorubicin 
loaded into polylactide coglycolide-PEG micelles exhibited enhanced tumor accu-
mulation and improved tumor regression in the nude mice xenograft model after 
systemic administration. Pullulan-based nanomicellar platform was used to coad-
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minister doxorubicin along with short hairpin RNA of Beclin1 aiming to improve 
anticancer efficacy of doxorubicin. Beclin1 expression was found to be suppressed 
and apoptotic function was enhanced as a result of codelivery in FR+ HeLa cell line. 
Improved MCF-7 uptake was noted with folic acid-conjugated succinyl gelatin 
micelles in contrast to nonfolic acid-conjugated micelles. Mixed micelles of folate- 
conjugated PEGylated b-copolycarbonates and methoxy-PEG-b-copolycarbonates 
presented a reduction-sensitive system which demonstrated improved cytotoxicity 
in HeLa cells.

In another report on micellar system, enhanced docetaxel accumulation was 
noted in FR+ MCF-7 cell line when delivered via folate-conjugated PEGylated 
PEO–PPO–PCL as against PEO–PPO–PCL micelles [82]. Micellar system of 
polyethyleneimine- graft polycaprolactone-block-poly(ethylene glycol) fabricated 
to coadminister siRNA and paclitaxel was found to effectively deliver siRNA to 
SKOV-3 cells, improved cell apoptosis and could also reverse paclitaxel resistance 
in ovarian cancer [83]. In another report, tamoxifen-loaded folate–lysine–PEG–
poly caprolactone micelles displayed enhanced cytotoxicity in the MCF-7 breast 
cancer cell line [84]. Dual targeting to CD44 and FR via pH-sensitive micelles was 
designed using a combination of the oligosaccharides of hyaluronan conjugates and 
folate for delivery of curcumin. Hyaluronic acid served as a ligand for CD44 target-
ing, while folic acid enabled FR targeting. Improved cytotoxicity of this dual target-
ing approach was confirmed in MCF-7 (FR+ and CD44+) and A549 (FR- and 
CD44+) cell lines [85].

4.2.4  Solid Lipid Nanoparticles (SLN) and Nanostructured Lipid 
Carriers (NLC)

Folate-conjugated copolymer of PEG and trimethylated derivative of chitosan con-
taining paclitaxel-loaded SLNs were developed to target FR-α overexpressed in 
lung cancer via inhalation chemotherapy. Improved pulmonary retention up to 6 h 
and reduced systemic exposure was observed with coated SLNs when administered 
via pulmonary route to mice [86]. In another report, SLN comprising of folate– 
chitosan and cholesterol served as a nonviral vector for gene delivery and demon-
strated improved reporter gene expression in FR + SKOV3 cells than FR lacking 
A549 cells [87]. Enhanced anticancer activity of oxaliplatin-loaded folate-decorated 
SLN in colorectal cancer cell line HT-29 was also reported [88]. Brain targeting of 
docetaxel and a P-gp inhibitor ketoconazole studied via folate-anchored SLN 
showed improved brain concentration of docetaxel as compared to marketed formu-
lation taxotere in a pharmacokinetic study [89].

Docetaxel-loaded NLCs composed of crodamol-solutol and soya lecithin were 
surface modified using DSPE-PEG2000-tumor microenvironment-sensitive poly-
peptides and DSPE-PEG5000-folate. Improved uptake and cytotoxicity was elicited 
by the NLCs in KB, HT-1080, MCF-7, and A549 cells. In athymic nude mice, the 
NLCs exhibited deep penetration into inner region of multicellular tumor spheroids 
and also demonstrated higher apoptosis in KB tumor model [90].
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4.2.5  Miscellaneous Drug Carriers

Folate-conjugated polyamidoamine dendrimer was prepared to co-deliver cis- 
diamine platinum and siRNA against HuR mRNA for lung cancer treatment. 
Dendrimer system was found to be nontoxic against normal MRC9 lung fibroblast 
cells and enhanced cytotoxicity was seen against FR+ H1299 lung cancer cells in 
comparison with individual drugs. Further better efficacy was noted with the tar-
geted folate-conjugated dendrimer system [91].

Other drug delivery carriers include DNA nanocages for doxorubicin which 
demonstrated 40-fold higher uptake in HeLa cell line as compared to FR-deficient 
cell lines [92]. Chitosan and hyaluronic acid-based injectable in situ thermosensi-
tive hydrogel loaded with doxorubicin-anchored folate-conjugated graphene oxide 
showed great promise for intratumoral delivery in breast cancer. The targeted in situ 
gel showed significant reduction in MCF-7 tumor volume induced in BALB/c nude 
mice as compared to plain doxorubicin and nontargeted gel [93]. A dual complex of 
folate-methyl-β-cyclodextrin with adamantane–hyaluronic acid showed maximum 
cytotoxic effect in human colon cancer cell line HCT116 cells (FR-α [+], CD44 [+]) 
as compared to other treatment groups [94].

4.3  Other Applications

4.3.1  Photodynamic Therapy

Photodynamic therapy uses a photosensitizer which when irradiated with light gen-
erates cytotoxic reactive oxygen species. In one report, folate-decorated poly lactic- 
co- glycolic acid (PLGA) nanoparticles loaded with photosensitizer pheophorbide 
displayed enhanced cytotoxicity and also improved accumulation in the tumor in 
MKN28 tumor-bearing mice [95]. Some conjugated polymers are reported to 
 generate reactive oxygen species when irradiated with light and thus by themselves 
can serve as a photosensitizer. Example of one such delivery system is nanoparticles 
prepared using folic acid-conjugated PEGylated poly(styrene–comaleic anhydride) 
which confirmed improved cytotoxicity in HeLa cell line [96]. Folate-conjugated 
photoresponsive gold-decorated polymer nanoparticles have been reported for brain 
cancer therapy [97]. Hypocrellin B (HB) as photosensitizer was loaded into biode-
gradable FA-PEG-PLA micelles for intraperitoneal delivery to ovarian cancer 
wherein 20-fold more accumulation of photosensitizer at tumor site than nontar-
geted micelles was demonstrated [98]. In another report, indocyanine green encap-
sulated mixed micellar system revealed enhanced growth suppression in HeLa cell 
line than in FR-deficient HT-29 cell line [99].

Reports also cite FR-targeted strategies with combined approach of photother-
mal/photodynamic therapy and photoresponsive chemotherapy. For example, core- 
shell type of nanoparticles consisting NIR fluorescent dye indocyanine green 
encapsulated poly(D,L-lactide-co-glycolic acid) as core and platinum (IV) prodrug 
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-DSPE-PEG-FA as coat were found to be more toxic to human ovarian carcinoma 
SKOV3 cells than non-FR-targeted and non-IR-activated systems [100]. 
Doxorubicin–thioacetal photocleavable linker–folic acid-conjugated dendrimer 
coated onto a core consisting of upconversion nanocrystal and photosensitizer pro-
toporphyrin IX aided photoresponsive delivery of doxorubicin. Upon NIR emission, 
upconversion nanocrystal emitted UV and visible light which cleaved the linker 
thereby triggering doxorubicin release. Cytotoxicity against FR + KB carcinoma 
cells increased significantly when nanosystem was irradiated with UVA or NIR 
(980 nm) light [101]. Curcumin-loaded nanocarriers prepared by immobilizing gold 
nanoparticles onto folate-modified dendritic mesoporous silica-coated graphene 
oxide nanosheets for pH-sensitive photothermal therapy showed improved internal-
ization and cytotoxicity as compared to free curcumin, blank nanocarriers, and 
nanocarriers without folate conjugation in MCF-7 cells [102].

4.3.2  Diagnostic Applications

FR-targeted imaging agents serve as a noninvasive tool to analyze the extent of FR 
expression in tumor which can serve as a basis for treatment selection. Folate can 
either be conjugated directly to inorganic nanoparticles which by themselves can act 
as imaging agent. Examples of this strategy include superparamagnetic iron oxide 
nanoparticle for MRI in breast cancer [103], amino-functionalized mesoporous sil-
ica nanoparticles as cytosensors to selectively detect MCF-7 breast cancer cells 
[104], upconversion luminescent nanoparticles as NIR imaging agent for imaging 
MCF-7 cells [105], folic acid–cysteamine- modified gold nanoparticles for com-
puted tomography (CT) imaging [106] copper nanoclusters [107], and graphene 
quantum dots [108] for cancer fluorescent imaging. Folate conjugation to NIR chro-
mophores [109, 110] and PET agent [111] to diagnose FR  +  tumors have been 
reported.

The other option is to use folic acid decorated nanocarriers for encapsulating 
imaging agent, for example, bioimaging of SKOV-3 ovarian cancer cells using 
squaraine dye (SQR23)-loaded PEGylated liposomes [112], NIR fluorescent dye- 
loaded HDL nanoparticles for metastatic ovarian cancer imaging [113], gadolinium- 
loaded dendrimer for imaging and characterization of ovarian tumor [114], and 
99mTc conjugated oligomeric nanoparticles for liver cancer [115], etc.

4.3.3  Theranostic Application

Imaging agent and chemotherapeutic agent can also be simultaneously attached or 
encapsulated into nanocarriers rendering it suitable for theranostic purpose. 
Doxorubicin is the most commonly used chemotherapeutic agent for theranostic 
application. Iron oxide nanoparticles conjugated with doxorubicin and folic acid 
were developed for intratumor controlled delivery of doxorubicin with MRI capa-
bility [116]. Multifunctional polymeric nanoparticles loaded with doxorubicin and 
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superparamagnetic iron oxide were explored for liver cancer chemotherapy and 
imaging [117]. In another report, doxorubicin and superparamagnetic iron oxide 
nanocrystals were loaded in a core-shell type of nanocarrier [118]. Other reports on 
theranostic applications include combinations of fluorescent mesoporous silica and 
palladium complex [119] and gold nanoparticles containing 177Lu-dendrimer 
(PAMAM-G4)-folate-bombesin as theranostic radiopharmaceuticals for breast can-
cer [120]. Nanoemulsion loaded with docetaxel and gadolinium was reported for 
targeting FR-α overexpression in ovarian cancer as a theranostic [121].

5  Folate Receptor Targeting for Infectious Diseases

FR-β is overexpressed on activated macrophages; hence, FR-β can be used to target 
macrophages in infectious and inflammatory diseases. Puligujja et al. reported nano-
suspension of atazanavir coated with folate-decorated poloxamer 407 to target mac-
rophage FR-β for enhanced uptake, retention, and antiviral activity of atazanavir. 
Targeted nano formulation showed fivefold enhanced plasma and tissue distribution 
as compared to nontargeted one when injected IM in Balb/cJ mice [122].

Our research group has developed FR-targeted polymeric nanoparticles to deliver 
rifampicin to the macrophages in the lungs for tuberculosis therapy. Date et al. synthe-
sized folate-decorated rifampicin Gantrez AN-119 (poly methyl vinyl ether maleic 
anhydride copolymer) nanoparticles using simple ionic complexation method. 
Noncovalent approach of conjugating folic acid to Gantrez AN-119 was achieved 
using ionic interaction between protonated folic acid and carboxylic acid group of 
Gantrez AN-119. A 480% improvement in rifampicin uptake with FA-targeted 
nanoparticles and 300% with nontargeted nanoparticles compared to free drug in 
human macrophage cell line U-937 confirmed the role of FR in macrophage targeting 
[123]. Similarly, Patel and coworkers reported increased  macrophage uptake of folate-
anchored rifampicin poly(ethylene sebacate) naoparticles in comparison with the 
nonfolate-conjugated poly(ethylene sebacate) nanoparticles in U-937 cells [124].

6  Clinical Studies

Out of various FR-targeted delivery systems discussed earlier, only two major strate-
gies have been translated to clinical trials; one of which is folate-conjugated drug/
imaging agent (folate analog) and the second one is anti-FR antibody or its conjugate 
with chemotherapy agent [125]. Based on studies failing to meet desired outcomes; 
trials for vintafolide [126, 127], epofolate [128, 129], folate-FITC [130, 131] were 
suspended or even terminated. A phase 3 trial; wherein 99mTC-conjugated etarfolatide 
evaluated as an imaging agent with vintafolide was suspended as the study failed to 
meet progression-free survival outcome measures and not because of the safety 
issues of 99mTc etarfolatide. This retains possibility for evaluation of this conjugate 
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with other FR-targeted carriers [126, 127, 132]. Table 14.1 summarizes the clinical 
trials based on FR targeting which are ongoing or cite positive outcomes.

7  Advantages and Limitations

FR-mediated targeting presents a promising approach for cancer treatment and 
diagnosis particularly due to significant amplification in certain malignancies. 
FR-α can be targeted to treat carcinomas of epithelial origin, whereas hematopoi-
etic carcinomas can be targeted through FR-β. Possible bypass of lysosomal destruc-
tion due to caveolin-mediated endocytosis, which can deliver drugs to the cytosol 
and cell organelles is yet another major advantage of FR-based targeting [123]. 

Table 14.1 List of folate receptor targeting moieties in clinical trials

FR-targeting moieties Type of cancer
Clinical 
trial status Outcome References

Folate–drug conjugate

EC0489
Folate-conjugated to 
desacetyl vinblastine 
hydrazide via modified 
linker

Refractory or 
metastatic tumors

Phase 1 
completed

Not reported [133, 134]

EC0225
Folate conjugated to 
vinca alkaloid and 
mitomycin

Refractory or 
metastatic tumors

Phase 1 
completed

Well tolerated at dose 
levels ≤2.3 mg/m2

[135, 136]

EC1456
Folate conjugated to 
tubulysin B hydrazide

Solid tumors, 
nonsmall-cell 
lung carcinoma

Phase 1 
completed

Well tolerated with no 
treatment-related deaths

[137, 138]

Folate-imaging agent conjugates

OTL38
FR-targeted near 
infrared contrast agent

Ovarian cancer Phase 3 
recruiting

Not available [133, 139]

Anti-FR antibody

Farletuzumab 
(MORAb-003)
Fully humanized 
antibody derived from 
the murine antibody 
LK26

Epithelial ovarian 
cancer

Phase 3 
completed

Both doses (1.25 mg/kg 
and 2.5 mg/kg) tested 
failed to meet 
progression-free 
survival end point of the 
study

[13, 140]

Mirvetuximab 
soravtansine 
(IMGN853)
Humanized anti-FRα 
antibody conjugated to 
tubulin-disrupting 
maytansinoid DM4

Ovarian cancer, 
primary 
peritoneal 
carcinoma, 
fallopian tube 
cancer

Phase 3 
active, not 
recruiting

Not available [141–143]
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Folic acid, due to its high affinity for FR, small molecular weight, nonimmunogenic 
nature makes this a viable approach [37].

The major limitation of the FR-mediated targeting is its ubiquitous expression on 
majority of organs which can lead to toxicity due to nonspecific binding. Fine balance 
needs to be struck between treatment efficacy and side effects while considering FR 
for targeted delivery. FR targeting needs to be judiciously utilized unlike other recep-
tors discussed in this book which are specifically expressed by certain organs.

8  Future Directions

Considering poor clinical outcomes and severe off site toxicity of current chemo-
therapy, personalized anticancer treatment seems to be the future of cancer therapy 
wherein FR can serve as a reliable diagnostic, prognostic tool and a medium for 
transporting cargo for active tumor targeting. Newer therapies such as vaccines, 
immunostimulants, gene therapy, and antisense oligonucleotides delivery can be 
further exploited using FR-mediated uptake to treat various cancers. Further reports 
on FR involvement in infectious diseases open up a great opportunity for research-
ers to understand the pathophysiological role of FR and its targeting potential to 
treat infectious diseases.
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Chapter 15
Mannose Receptor and Targeting 
Strategies

Priyanka Jahagirdar, Amit S. Lokhande, Prajakta Dandekar, 
and Padma V. Devarajan

Abstract The mannose family receptors are unique multidomain, multifunctional 
endocytic receptors belonging to the C-type lectin family. These receptors, although 
structurally similar, exhibit differential binding to discrete ligands. This chapter 
discusses such similarities and differences between the structures, ligands, the 
expression, and molecular trafficking among the members of mannose receptor 
family. Further, targeted drug delivery strategies in infections and cancer to the most 
widely investigated receptor of the family, the mannose receptor, are comprehen-
sively explained with examples.

Keywords Mannose receptor family · Mannose conjugates · Nanoparticles · 
Liposomes · Vaccines · Infections · Cancer
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CD Cluster of differentiation
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LAM Lipoarabinomannan
LPS Lipopolysaccharide
MMP Matrix metalloproteinases
MRI Magnetic resonance imaging
NPs Nanoparticles
PEG Polyethylene glycol
PLA2 Phospholipase A2

PLGA Poly (lactide-co-glycolide)
RES Reticuloendothelial system
SLA Soluble leishmanial antigen
SPIONs Superparamagnetic iron oxide nanoparticles
TAM Tumor-associated macrophages
TB Tuberculosis

1  Introduction

The C-type lectin superfamily comprising of transmembrane and soluble proteins 
like selectins, collectins, and asialoglycoprotein receptor has garnered attention 
since eons [1]. The family of mannose receptors is an integral part of the C-type 
lectin family. Multiple lectin domains in a single polypeptide structure make this 
family an unconventional member of the lectin superfamily [2]. The mannose fam-
ily receptors are involved in antigen capture, recognition of mannosylated structures 
of pathogenic cell walls and may be overexpressed in certain diseased states. 
Targeting the mannose receptor provides an attractive strategy to combat number of 
infections and certain cancers [3, 4]. A complete understanding of the receptors, 
ligands, and binding interactions is quintessential for successful targeting applica-
tions. This chapter focuses on the mannose receptor family and its physiology in 
normal state and in pathologies. Drug delivery approaches to harness targeting 
effectively in the therapy of infectious diseases and cancer are also discussed.

2  Mannose Receptor Family

The family of mannose receptors comprises of four endocytic glycoprotein recep-
tors, namely mannose receptor, M-type receptor for phospholipases A2 (PLA2R), 
DEC-205/CD205/gp200-MR6, and Endo180/uPARAP [5–8]. Mannose receptor, 
the first member of the family, was identified in the late 1970s. Multiple C-type 
lectin domains (CTLDs) in a single polypeptide backbone constitute a distinct fea-
ture of this receptor family. The members of mannose receptor family share mutual 
structural features, namely cysteine-rich domain, fibronectin type II domain, and 
CTLDs which vary from eight to ten. However, C-type lectin activity is not exhib-
ited by all members. The C-type lectin activity for interacting with mannosylated 
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moieties is displayed only by mannose receptor and Endo180. CTLD5 of PLA2R is 
involved in protein–protein interactions, a nonlectin activity. The cysteine-rich 
domain is involved in the recognition of sulfated carbohydrates whereas the fibro-
nectin type II domain internalizes collagen. A functional cysteine-rich domain for 
binding to sulfated carbohydrates like galactose is present only in the mannose 
receptor. The receptors of mannose family terminate into short cytoplasmic domains. 
The receptors are rapidly internalized inside the cell and deliver the extracellular 
content to the intracellular compartments. Delivery to intracellular locations occurs 
via interactions between the motifs of terminal cytoplasmic domains and the endo-
cytic machinery. The members of mannose family and their recognition domains 
are depicted in Fig. 15.1.

2.1  Receptor Recognition Domains

2.1.1  Cysteine-Rich Domain

Although present in all family members, the cysteine-rich domain lacks homology 
among the mannose receptor family. A 25–30% sequence identity is observed 
among the family members. Among the four receptors, only the mannose receptor 
has a functional N-terminal cysteine-rich domain which can exhibit binding to sul-
fated molecules. The receptor can bind to glycoproteins containing sulfated 
N-acetylglucosamine and sulfated galactose residues in hormones like lutropin and 
thyrotropin via this domain [9]. Binding to chondroitin sulfate A, chondroitin sul-
fate B, sulfated Lewis antigens, CD45, and sulfated transmembrane protein siaload-
hesin is also reported [10, 11]. The binding is Ca2+ independent and occurs through 
a neutral binding site. The exact mechanism of binding is beyond the purview of this 
chapter and is well explained in the literature [2, 12].

Fig. 15.1 The mannose receptor family
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2.1.2  Fibronectin Type II Domain

Fibronectin type II domain is the most conserved extracellular domain of mannose 
receptor family. This domain occurs in different proteins like matrix metalloprotein-
ases (MMP) 2 and 9 [13]. This domain mainly binds to denatured collagen. The 
collagen binding may be a result of interaction between aromatic structures of the 
hydrophobic pocket exposed by the solvent with the nonpolar collagen residues 
leading to disruption of triple helix. The conserved amino acid (Arg34 and Asp36) 
residues can play a role in stabilizing this interaction [2]. Another hypothesis sug-
gests the fibronectin type II domain can bring about N-terminal extension to bring 
the N-terminal in the vicinity of the C-terminal leading to stabilized interaction with 
collagen [14]. The binding of fibronectin type II domain of mannose receptor to 
collagen has been studied. An extended conformation at physiological pH and a 
compact conformation at acidic pH was reported. At physiological pH, a calcium- 
dependent binding was observed whereas acidic pH calcium did not affect the col-
lagen binding [15]. This behavior could play a critical role in the intracellular 
trafficking of cargo delivered through mannose receptor endocytosis.

Mannose receptor demonstrates the ability to bind to collagens I, II, III, and IV 
while exhibiting a weak binding to collagen V [16]. Fibronectin type II domain of 
M-type PLA2 expressing cells binds to collagens I and IV, while Endo180 fibronec-
tin type II domain preferentially binds to collagen V over collagens I and IV. No 
information is available regarding the ability of DEC-205 to recognize collagen, 
although this is a likely possibility.

2.1.3  C-Type Lectin Domains

CTLDs contain 120 amino acids. Noncovalent and covalent interactions between 
two antiparallel β sheets and two α helices lead to the formation of a hydrophobic 
fold. The carbohydrate interactions in functional CTLDs occur in the hydrophobic 
fold that imparts stability by hydrophobic core formation. Two disulfide bonds are 
also formed between cysteine residues. This hydrophobic fold of functional CTLDs 
permits interactions with sugars by facilitating contact with residues integral for 
coordination with Ca2+ and sugar moieties [2].

In the case of mannose receptor, the binding of terminal carbohydrate residues 
like mannose, fucose, and N-acetylglucosamine occurs in the presence of Ca2+. A 
higher affinity is demonstrated by mannose receptor CTLDs toward mannose and 
fucose whereas the binding affinity to N-acetylglucosamine and glucose is lower. 
Only the mannose receptor CTLD4 is involved in sugar binding. Similar to man-
nose receptor, CTLD2 of Endo180 shows binding dependent on Ca2+ to glycocon-
jugates, while CTLD5 of PLA2R is involved in binding to the nonglycosylated 
PLA2 ligand via Ca2+-independent pathways. Further, instead of lectin interac-
tions, CTLD5 mediates protein–protein interactions. DEC-205 is devoid of C-type 
lectin activity.
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2.2  Ligand Binding

In most multidomain receptors, domains which mediate ligand interaction are often 
stationed at a distance from the membrane. Surprisingly, among the mannose family 
receptors, CTLD4 and CTLD5 which exhibit a crucial role in binding are found in 
the central region of the mannose receptor and the PLA2 receptor, respectively. An 
extensive study of mannose receptor revealed an extracellular domain with a rigid 
and extended conformation and close interactions between neighboring CTLDs 
(CTLDs 1 and 2, CTLDs 4 and 5, CTLDs 7 and 8) with exposed flexible linker 
regions on either side of CTLDs 3 and 6 [2, 17]. CTLD5 of mannose receptor dem-
onstrates weak binding to sugars in addition to CTLD4, the principal sugar-binding 
domain. The association of these two CTLDs results in the formation of a protease- 
resistant core. Such domain disposition enables binding to multiple sugar moieties, 
enhanced binding of CTLDs, and/or modulates the rigidity of CTLDs.

Closeness of the N- and C-terminal of fibronectin type II domain brings it near 
to the other domains, as suggested by the sequence analysis. A close association of 
the cysteine-rich domain, fibronectin type II domain, and C-type lectin domains is 
seen by protease studies. Such an arrangement stabilizes the interaction with colla-
gen and projects the cysteine-rich domain away from the membrane. This projection 
is desirable for interactions of cellular sulfated glycoproteins and the domain.

Further, the ligand–receptor binding in mannose receptor is highly pH dependent. 
Mannose receptor shows poor binding of ligands at pH 5 and optimal binding at 
pH 7. Such pH dependency is prominent in ligands dissociating in the acidic endo-
somal compartments. The pH-dependent binding enables separation of the ligand 
and receptor and recycling of the free receptors to the cell surface. Additionally, the 
Ca2+ dependency in binding may aid in the endosomal dissociation [18].

2.3  Intracellular Internalization

The rapid internalization of mannose receptor family members mainly occurs via 
clathrin-mediated endocytosis. Internalization by phagocytosis is another pathway 
mediated by mannose receptor expressed on the macrophages. Under steady state, 
the cell surface receptors constitute 10–30% whereas remaining 70–90% receptors 
are intracellular.

2.3.1  Clathrin-Mediated Endocytosis

During endocytic uptake, ligands packed in clathrin-coated vesicles are internalized 
from the plasma membrane and are delivered in the endosomal system. Smaller 
particles (<0.2 μm) are taken up by this pathway. The mannose family receptors 
recycle about 10 times an hour.
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Two endocytic motifs, namely tyrosine residue-based motif and dihydrophobic 
motif, are present in the cytoplasmic domain. Although directed to the same intra-
cellular compartment, the mannose receptor and Endo180 mediate the transport via 
different motifs. Mannose receptor and PLA2R recruit tyrosine-based motif whereas 
Endo180 utilizes the dihydrophobic motif [19]. Internalization occurs from the 
clathrin-coated pits into the early endosomes. This is followed by transportation to 
late endosomes and fusion with lysosomes followed by release of cargo into the 
cytoplasm. A different destination of DEC-205 within the cells is reported. Whereas 
mannose receptor is located in the early endosomes, localization of DEC-205 is 
seen in the late endosomes [20].

2.3.2  Phagocytosis

The uptake of particles of >0.2 μm occurs via phagocytosis. Fc receptors and com-
plement receptors, the opsonic receptors, initiate phagocytosis signaling resulting in 
extension of membrane around the particle via regulation of actin cytoskeleton [21]. 
A phagosome is formed which then fuses with endosomes/lysosomes leading to 
exposure of the cargo to hydrolytic enzymes. The direct role of mannose receptor in 
phagocytosis is questionable. Phagocytic pathway may proceed upon binding to a 
mannosylated residue which may in turn activate a classical phagocytosis receptor 
[2]. As PLA2R and DEC-205 are mainly involved in uptake of macromolecules and 
are not expressed on phagocytic macrophages, their involvement in phagocytic 
machinery is unlikely. Although Endo180 is expressed on macrophages, an involve-
ment in phagocytosis analogous to the mannose receptor is not observed in vitro [19].

3  Receptor Location and Expression

Mannose receptor, a 175-kDa type I membrane glycoprotein receptor, was origi-
nally isolated in liver and alveolar macrophages [22]. The receptor is predominantly 
found in most tissue macrophages and dendritic cells (DCs). It is also located in 
endothelial cells of liver and splenic sinusoids [23]. The receptor is also expressed 
on the microvascular endothelial cells of the dermis [24], cells of Kaposi’s sarcoma 
[25], human keratinocytes [26], and retinal pigment epithelium [27]. Although ini-
tially termed as the macrophage mannose receptor, it is now designated as the man-
nose receptor, as the occurrence is not exclusively limited to macrophages. The 
involvement of mannose receptor in phagocytosis of mannosylated structures and 
pinocytosis of soluble molecules is reported. It also acts as pattern recognition 
receptor by recognizing the mannosylated ligands of microbes [28–30]. Other func-
tions of this receptor constitute improved presentation of antigens, modulation of 
cellular trafficking, and maintaining homeostasis by scavenging nonessential man-
noglycoproteins and circulating pituitary hormones like lutropin and thyrotropin. 
PLA2R is expressed on muscle cell membranes and internalizes PLA2, the lipolytic 
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enzymes required for digestion of phospholipids [5]. DEC-205 which is expressed 
by dendritic cells has shown involvement in uptake of antigens and delivery of cargo 
to T cells whereas Endo180 is an endocytic receptor involved in remodeling of cel-
lular membranes.

A comprehensive overview of the four mannose receptor family members is pro-
vided in Table 15.1.

4  Pathophysiological Features

The expression of mannose receptor is regulated by macrophage differentiation pat-
tern. Consequently, differentiated macrophages reveal abundant receptor expression 
whereas circulating monocytes do not express mannose receptor [31]. The physio-
logical status also affects the expression pattern. Anti-inflammatory molecules (cor-
ticosteroids, IL-10) [32, 33], Vitamin D3 [34], prostaglandin E [35], and Th2 
cytokines (IL-4, IL-13) upregulate the mannose receptor expression by promoting 
synthesis whereas interferon ɣ (IFN ɣ) [32], lipopolysaccharide (LPS) [36], and 
immune complexes [37] downregulate the expression by restricting the synthesis.

Binding of pathogenic mannosylated ligands to mannose receptor may induce 
interleukin (IL)-10 and curb IL-12, thereby inhibiting pathways that could enable 
protective immune responses [30]. Mannose receptor recognizes the mannosylated 

Table 15.1 Mannose receptor family

Mannose receptor PLA2R DEC-205 Endo180

Occurrence Macrophages, DCs, 
few lymphatic or 
endothelial cells

Muscle cell 
membranes

DCs, epithelia, 
B cells, bone 
marrow stroma, 
and endothelial 
cells

Fibroblastic cells, 
stromal cells, 
macrophages, and 
a subset of 
endothelial cells

Functions Antigen presentation, 
phagocytosis of 
mannosylated 
structures, homeostasis 
regulation, modulation 
of cellular trafficking

Phospholipid 
digestion, cell 
proliferation, cell 
migration, and 
hormone release

Antigen uptake, 
presentation of 
cargo to T cells

Remodeling of 
cellular 
membranes

Domain

Cysteine- 
rich

Active
Enables binding to 
sulfated carbohydrates 
like galactose

Inactive Inactive Inactive

Fibronectin 
type II

Binds to collagens I, 
II, III, and IV and 
weakly to collagen V

Binds to collagens 
I and IV

Unknown Binds to collagen 
V over collagens I 
and IV

CTLDs 8
C-type lectin activity

8
Non-lectin activity

10
No C-type lectin 
activity

8
C-type lectin 
activity
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cell walls of bacteria, fungi, viruses, or parasites, enabling their internalization in 
the cells (Fig. 15.2a). Pathogens entering the cellular environment using the man-
nose receptor portal do not evoke an immune reaction.

Although mainly associated with infections, mannose receptor also shows a 
peculiar expression pattern in cancers. The tumor site shows the presence of man-
nose receptor expressing macrophages accompanied by ligands for mannose recep-
tor like tumoral mucins [38, 39]. Tumoral mucin MUC1, a ligand of mannose 
receptor positive cancer cells, comprises of mannose and galactose residues. The 
tumor cells express abnormal quantities or irregular forms of mucins compared to 
the healthy cells [40]. The tumoral mucins can invade the immune responses occur-
ring in the tumor microenvironment by binding to mannose receptor on the DCs and 
tumor-associated macrophages (TAMs) (Fig.  15.2b) and lead to upregulation of 
IL-10 and suppression of IL-12, thus suppressing Th1-polarized responses, similar 
to that in infections.

5  Ligands

Mannose receptor binds to various endogenous ligands and acts as a homeostasis 
regulator by clearing the unwanted molecules from circulation [30, 41]. As dis-
cussed earlier, the cysteine region of mannose receptor binds to sulfated moieties 
whereas the CTLDs bind to glycoproteins rich in mannose oligosaccharides. The 
fibronectin type II domain shows collagen-specific binding. Classification of ligands 

Fig. 15.2 Recognition of (a) mannosylated pathogenic cell walls by the mannose receptor present 
on macrophages and dendritic cells in infections and (b) mannose ligands of tumoral mucins by the 
mannose receptor present on tumor-associated macrophages (TAMs) and dendritic cells in cancers
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based on binding domains is presented in Table 15.2. Utilization of mannose, the 
most popular ligand, and other ligands like sulfated residues of N-acetyl-D- 
galactosamine and mannans, etc., for targeted intracellular delivery of therapeutics/
antigens is discussed in Sect. 6.

The mannose receptor also binds to exogenous ligands from several microbes 
and enables their entry into the cell. Microbes may target the mannose receptor to 
provoke an anti-inflammatory/immune-suppressive response and cause a resistant 
infection. Mannose receptor lacks the ability to distinguish between pathogenic and 
nonpathogenic strains, thus internalizing both, unlike the Toll-like receptors [28]. 
Pathogens, such as Mycobacterium tuberculosis [44], Leishmania donovani [45], 
Trypanosoma cruzi [46], Trichinella spiralis [47], Streptococcus pneumoniae [48], 
HIV virus [49], and influenza virus [50], enter the intracellular environment aided 
by the carbohydrate ligands on their cell membranes. In the case of Mycobacterium 
tuberculosis, lipoarabinomannan (LAM), a glycolipid present in the mycobacterial 
cell wall, contains terminal mannose residues that can interact with the mannose 
receptors. The internalization of LAM-anchored polystyrene beads by mannose 
receptor mediated phagocytosis is reported. However, mannose receptors bind to 
virulent H37Rv and Erdman strains but do not bind to the avirulent H37Ra strain of 
Mycobacterium tuberculosis [44]. The biological responses attributed to LAM may 
be a result of interaction with mannose receptors or other receptors that recognize 
LAM-like CD14 receptors. In addition to bacterial and viral sugar residues,  mannose 
receptor also recognizes several fungal ligands including glycoprotein A of 
Pneumocystis carinii [51] and mannan from Candida albicans [52].

The ligands for other mannose receptor family members are relatively few. 
Pancreatic sPLA2IB is reported as the only ligand of PLA2R; however, an interspe-
cies variation in binding affinity was observed [53, 54]. Other potential ligands 
include sPLA2-V, sPLA2-IID, and sPLA2-X [55, 56]. Specific ligands for DEC-205 
are not reported. DEC-205 cysteine-rich domain does not interact with sulfated sugars 

Table 15.2 Ligands for mannose receptor based on domain structure

Domain Ligands References

Cysteine-rich domain Anterior pituitary hormone lutropin [42]
CD45 [11]
Chondroitin sulfate A and chondroitin sulfate 
B

[10]

Lewis antigenA, Lewis antigenX [10]
Sialoadhesin [11]
Sulfated D-galactose [2]
Sulfated N-acetyl-D-galactosamine [43]
Sulfated N-acetyl-D-glucosamine [2]

Fibronectin type II domain Collagen [16]
CTLDs Fucose [2]

Mannose [2]
N-acetyl-D-glucosamine [2]
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and also lacks the C-type lectin activity. Like the mannose receptor, Endo180 is also 
multifunctional and exhibits binding to a distinct set of ligands. Ca2+ - dependent 
binding of Endo180 to mannose, fucose, and N-acetylglucosamine is evident. 
Endo180 does not bind to galactose and sulfated sugars [57]. It exhibits binding to 
components of the extracellular protease systems (MMP13 and uPAR). An interac-
tion of Endo180 with collagen via the fibronectin type II domain is reported.

6  Receptor Targeting Strategies

Among the family of mannose receptors, the most extensively exploited and stud-
ied receptor for targeted drug delivery is the mannose receptor. Hence, this section 
focuses mainly on mannose receptor enabled intracellular delivery. The endocyto-
sis and phagocytosis of microbes in the macrophages occur by interaction of gly-
coproteins in the cell walls with the mannose receptor. Mannose conjugates and 
mannosylated nanocarriers target these intracellular pathogens by promoting 
uptake of the drug-loaded mannosylated constructs in the infected cells via man-
nose receptor. Nanocarrier-based strategies to target mannose receptor overexpres-
sion in tumor microenvironment are reported. Moreover, interaction of mannose 
ligands with mannose receptor expressed on macrophages/dendritic cells can lead 
to induction of immune signaling pathways, an approach of great importance in 
vaccine delivery [58]. Targeting desired cells via ligand-mediated approach can 
minimize systemic distribution and off-site toxicity. Decoration of surface of nano-
carriers with ligands with high affinity to the mannose receptor is the strategy 
employed for targeting.

6.1  Mannose Conjugates

Mannose conjugates can be prepared by reaction between mannose derivatives and 
proteins or therapeutic agents like antigens. The stability of the conjugate within the 
body and release of the therapeutic agent at the site of action depend on the bond 
between the mannose derivative and the system. Most of the strategies studied 
involve use of endogenous mannose receptor ligands. Recent studies report utiliza-
tion of synthetic ligands specific to mannose receptor expressed on macrophages or 
DCs. Polysaccharide from Bletilla striata (a glucomannan) having high affinity to 
mannose receptor expressing cells was conjugated to alendronate, a  bisphosphonate. 
The conjugate revealed inhibition of angiogenesis and elimination of TAMs leading 
to suppressed tumor progression [59]. In some instances, mannose ligand has been 
employed to act as antigen and potentiate the immunogenicity of the conjugated 
protein/peptide molecule. A mannosylated vaccine formed by conjugation of gluc-
uronoxylomannan, a polysaccharide found in Cryptococcus neoformans capsule 
and tetanus toxoid, elicited high levels of capsular antibodies [60]. Another study 
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reports coupling of heptasaccharide oligosaccharide, the immunodeterminant of 
glucuronoxylomannan with human serum albumin which resulted in induction of 
immunogenic responses [61].

6.2  Mannosylated Nanocarriers

Mannosylated nanocarriers can be prepared by coating/conjugation of mannose 
ligands to the surface of nanocarriers like liposomes or nanoparticles. Such man-
nosylated systems enable targeting to the mannose receptor and permit the delivery 
of cargo (antigen/drug) at the site of interest. Furthermore, particulate nature of the 
nanocarriers accompanied by mannose association significantly improves uptake by 
the endocytic and phagocytic pathways.

6.2.1  Mannosylated Liposomes

Liposomes have been extensively studied in the literature as carriers for drugs, pro-
teins, and even fluorescent markers. Mannosylation of liposomes enables their 
application in treatment of intracellular infections like tuberculosis (TB) and leish-
maniasis or as vaccine candidates in cancers or infections. Mannosylated liposomes 
can be prepared by using mannose lipid conjugates, covalently attaching mannose 
derivatives to liposomes, or by adsorbing the ligand on liposomal surface [3]. The 
click reaction was used for the preparation of cytotoxic mannose click conjugates 
by reaction with aminobenzoic acid derivatives [62]. In one study, mannose- 
cholesterol conjugates were synthesized by click reaction for liposomal drug deliv-
ery systems [63]. Wang et al. studied the effect of varying the chain length of the 
polyethylene glycol (PEG) linker and the optimal mannose-cholesterol conjugates 
were used for liposomal messenger RNA (mRNA) delivery [64].

Drug-related issues like toxicity and resistance in leishmaniasis have been tackled 
by treatment with mannosylated liposomes. Amphotericin B liposomes coated with 
palmitoyl mannose (Man-Lip) or 4-sulfated N-acetyl galactosamine (sulf-Lip) 
revealed rapid intracellular uptake of Sulf-Lip and higher liver and spleen Amphotericin 
B levels indicating specificity of 4-sulfated N-acetyl galactosamine to resident macro-
phages [65]. In a similar study, mannosylated Amphotericin B loaded liposomes dem-
onstrated maximum reduction in parasite load (78.8 ± 3.9%) compared to Amphotericin 
B solution (42.5 ± 1.8%) and cationic Amphotericin B loaded liposomes (61.2 ± 3.2%) 
in Leishmania donovani-infected golden hamster model [66]. Among three sugar 
grafted liposomes (mannose, glucose, and galactose), mannose liposomes loaded with 
pentamidine isethionate revealed superior reduction in parasite loads [67]. Sinha et al. 
reported reduced spleen parasitic burden with mannosylated andrographolide loaded 
liposomes when tested in  experimental hamster leishmaniasis model [68]. A succinct 
summary of other liposome-based mannose receptor targeting for intracellular infec-
tions and cancer is provided in Table 15.3.
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Table 15.3 Mannosylated liposomes for targeted delivery

Disease Active Ligand/nanosystem Study outcome Reference

Infections

Aspergillosis Hamycin Mannose Reduced fungal 
load in infected 
organs

[69]

HIV Stavudine O-palmitoylmannose- 
coated liposomes

High uptake in 
reticuloendothelial 
system (RES) 
organs such as lung, 
liver, and spleen 
and high systemic 
clearance

[70]

Leishmaniasis Benzyl derivative of 
Penicillium nigricans 
derived compound 
MT81 (Bz2MT81)

p-aminophenyl-α-D-
mannoside coupled 
liposomes

Lowering of splenic 
parasitic burden and 
reduction in 
effective dose to 
kill the splenic 
parasite

[71]

CpG-containing 
oligodeoxynucleotide

p-aminophenyl-α-D-
mannopyranoside 
coupled to liposomes

Inhibition of 
amastigote 
multiplication in 
macrophages and 
elimination of 
splenic parasite 
load in visceral 
leishmaniasis 
mouse model

[72]

Doxorubicin and IFN 
ɣ

p-aminophenyl-α-D-
mannopyranoside 
coupled to liposomes

Complete 
elimination of 
splenic parasites

[73]

Parasitic 
infection

Ciprofloxacin Mannose High uptake and 
antibacterial 
efficacy in vitro

[74]

Pneumococcal 
meningitis

Dichloromethylene 
diphosphonate

Mannose Reduced migration 
of white blood cells 
into cerebrospinal 
fluid in 
experimental 
infection models

[75]

Cancer

Drug-resistant 
colon cancer

Dihydroartemisinin 
and doxorubicin

Mannose was 
conjugated to the 
DSPE-PEG2000-NH2

Improved tumor 
inhibition and 
tackling of drug 
resistance

[76]
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Mannosylated liposomes have been reported for vaccination against infections 
and cancers. Garcon et al. covalently coupled mannosylated albumin to the surface 
of dehydration–rehydration vesicles (DRVs). These mannosylated DRVs containing 
tetanus toxoid revealed selective binding to mouse peritoneal macrophages com-
pared to nonmannosylated DRVs with an augmented immunoadjuvant activity in 
Balb/c mice [77]. In another study, liposomes coated with neoglycolipids (manno-
pentose or mannotriose) revealed high serum levels of soluble leishmanial antigen 
(SLA)-specific IgG2a antibody titer and low level of IgG1 antibody titers in com-
parison to uncoated liposomes along with a delayed footpad swelling progression 
[78]. In contrast to uncoated liposomes, subcutaneous immunization with oligo-
mannose residue coated liposomes encapsulating peptides representing epitopes of 
gp120 (a HIV1 envelope glycoprotein) induced MHC class I-restricted CD8+ cyto-
toxic T-lymphocyte response [79].

A protective immune response against cancer can be elicited by association of 
immunostimulants or immunomodulators with mannosylated antigen loaded lipo-
somes. Mannosylated liposome–plasmid DNA complex (Man-lipoplex), prepared 
as a potential DNA vaccine for melanoma, revealed greater pUb-M gene transfec-
tion into antigen-presenting cells than uncoated liposomes and demonstrated pro-
longed survival coupled with melanoma inhibition in mice model [80]. A similar 
study performed by White et al. revealed mannosylated liposomes of lipid core pep-
tide with Quil A adjuvant acted as prophylactic anticancer vaccines and protected 
mice against tumors [81].

6.2.2  Mannosylated Nanoparticles (NPs)

Mannosylated NPs are widely investigated in infections and cancers akin to the 
mannosylated liposomes. Mannosylation of polyanhydride NPs can be performed 
by techniques such as desolvation or direct coating. Iron oxide NPs may be coated 
by precipitation of iron salts by incubation with D-mannose solution or by oxidation 
of NPs followed by addition of D-mannose solution. Chemical modification of 
polymers with mannosylated ligands is also reported [3].

The mannose receptor is profusely overexpressed on the macrophages, DCs, and 
foamy cells which constitute the TB granuloma. This permits utilization of man-
nosylated NPs for targeted intracellular delivery in TB. A multilayer mannosylated 
drug delivery system for intracellular delivery of first-line antibiotics Rifampicin 
and Isoniazid has been developed [82]. Isoniazid loaded mannosylated gelatin NPs 
reduced drug hepatotoxicity and significantly decreased bacterial burden in lungs 
and spleen of infected Balb/c mice [83]. In an analogous study, licorice loaded man-
nosylated gelatin NPs revealed enhanced uptake in RAW 264.7 cells and reduced 
spleen and lung bacterial loads in Mycobacterium tuberculosis H37Rv-infected mice 
compared to untreated animals [84]. Other strategies employing mannosylated NPs 
for drug delivery in infections and cancer are enlisted in Table 15.4. A summary of 
mannosylated NPs employed as vaccine carriers is presented in Table 15.5.
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Table 15.4 Mannosylated NPs in infections and cancer

Disease Active Ligand/nanosystem Study outcome Reference

Infections

Helicobacter 
pylori infection

Acetohydroxamic 
acid

Fucose-specific 
(UEA-I) and 
mannose-specific 
(Conconavalin A) 
lectins conjugated to 
gliadin NPs

NPs inhibited binding 
of Helicobacter pylori 
to human stomach cells

[85]

HIV Didanosine Mannose conjugated 
to gelatin NPs

High macrophage 
uptake and RES 
localization

[86]

Didanosine Mannan conjugated 
to gelatin NPs

Fivefold higher 
intracellular uptake and 
greater localization in 
spleen, lymph nodes, 
and brain

[87]

Stavudine Mannose conjugated 
to gelatin NPs

High macrophage 
uptake and RES 
localization

[88]

Leishmaniasis Amphotericin B Gelatin conjugated 
to mannose via 
direct coupling or 
via PEG spacer

5.4-fold reduction in 
IC50 compared to free 
Amphotericin B 
solution in intracellular 
amastigote model

[89]

Amphotericin B 4-sulfated Sulfated 
N-acetyl 
galactosamine-
coated NPs

High RES localization 
and reduced splenic 
parasite burden

[90]

Curcumin D-mannose 
conjugated to 
chitosan NPs

Low in vitro 
cytotoxicity and 
reduced parasite loads 
in spleen

[91]

Doxorubicin 4-sulfated Sulfated 
N-acetyl 
galactosamine-
coated NPs

Enhanced intracellular 
uptake and high RES 
localization

[92]

Rifampicin D-mannose 
Mannose conjugated 
to chitosan NPs

High ex vivo uptake and 
high RES localization

[93]

TB Isoniazid Mannose-
conjugated solid 
lipid NPs

High uptake and 
reduced cytotoxicity 
in vitro

[94]

Rifabutin Mannose-coated 
solid lipid NPs

Sixfold higher uptake 
ex vivo and low 
immunogenicity 
compared to uncoated 
formulation. Prolonged 
circulation and targeted 
delivery to alveolar 
tissues

[95]

(continued)
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Table 15.4 (continued)

Disease Active Ligand/nanosystem Study outcome Reference

Cancers

Lung 
adenocarcinoma

Gemcitabine D-Mannose- 
conjugated solid 
lipid NPs

Improved uptake and 
high cytotoxicity in 
A549 cells with 
preferential lung 
accumulation

[96]

Lung cancer DNA Mannan-modified 
solid lipid NPs

Higher gene expressions 
compared to unmodified 
DNA loaded NPs 
suggesting applicability 
for nonviral vector gene 
delivery

[97]

Tumor Doxorubicin 4-Aminophenyl 
α-D-
mannopyranoside 
modified albumin 
NPs

Improved localization in 
brain glioma cells and 
reduction in tumor size

[98]

Doxorubicin Self-assembly of 
heptamannosylated 
β-cyclodextrin into 
NPs

Slow tumor growth in 
murine xenograft tumor 
models

[99]

Table 15.5 Mannosylated NPs-based vaccines

Antigen Ligand/nanosystem Study outcome Reference

Ag85A Mannose moiety of 
guar gum NPs

Strong systemic and mucosal immune 
response following oral administration, 
protecting the antigen from harsh gastric 
environment.

[100]

Nil Mannan-coated 
PLGA NPs

Improved dendritic cells’ maturation and 
stimulatory function.

[101]

Nil Dimannose and 
lactose decorated 
polyanhydride NPs

Surface functionalized pathogen like NPs 
revealed enhanced expression of MHC II, 
CD86 and CD40, CIRE, and mannose 
receptor on the cell surface.

[102]

Ovalbumin Mannan decorated 
polylactide-co- 
glycolide (PLGA) 
NPs

Enhanced CD4+ and CD8+ T-cell responses 
in comparison to nonconjugated NPs

[103]

Ovalbumin Mannosamine- 
coated 
polyanhydride NPs

Single subcutaneous or oral dose 
demonstrated higher and balanced IgG1 and 
IgG2a antibody responses compared to 
uncoated NPs. Oral immunization elicited 
higher levels of intestinal secretory IgA 
levels than subcutaneous immunization.

[104]

Toll-like 
receptor 7 
agonist, 
imiquimod 
(R837)

PLGA NPs coated 
with mannosylated 
cancer cell 
membrane

Enhanced uptake by DCs and delayed tumor 
development

[105]
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6.3  Miscellaneous Applications

6.3.1  Mannosylated SPIONs as MRI Contrast Agents

Superparamagnetic iron oxide nanoparticles (SPIONs) are reported as promising 
magnetic resonance imaging (MRI) contrast agents. Surface modification of 
SPIONs becomes essential owing to their drawbacks such as aggregation in water, 
chemical instability, and nonspecific targeting. To overcome these issues, SPIONs 
were coated with mannan to enable recognition by mannose receptor present on 
macrophages [106]. Mannan-coated SPIONs of 28.4 ± 7.2 nm size demonstrated 
low cytotoxicity in RAW 264.7 cells. Surface coating with mannan prevented aggre-
gation of SPIONs enabling selective delivery into antigen-presenting cells, suggest-
ing applicability as macrophage-targeted MRI contrasting agent.

6.3.2  Two-Photon Photodynamic Therapy

Photodynamic therapy combined with two-photon excitation offers a noninva-
sive alternative approach to chemo- and radiotherapy to reduce small solid 
tumors. The photosensitizer was covalently attached to mesoporous silica NPs 
followed by mannose coating. A single injection aided targeting to tumor site by 
mannose receptor and two-photon photodynamic therapy led to reduction in 
tumor size [107].

6.3.3  Biomarker for Pulmonary TB Patients

The serum and pleural concentrations of mannose receptor (CD206) were moni-
tored in pulmonary TB subjects. An increased CD206 level was observed in sera 
but not in pleura with a sensitivity of 77.3% and specificity of 86.5%. This pres-
ents a new application of mannose receptor as a biomarker of pulmonary 
TB [108].

6.3.4  Lysosomal Targeting in Storage Diseases

Therapeutic enzymes were conjugated to yeast cell wall, a natural source of 
mannose- 6-phosphate (M6P) glycan for utilization in glycogen storage diseases 
like Pompe disease. Recombinant acid α-glucosidase, a therapeutic in Pompe dis-
ease when conjugated to M6P glycans from cell wall of glyco-engineered yeast, 
revealed efficient intracellular localization and improved accumulated glycogen 
digestion [109].
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7  Clinical Studies

Although targeting to the mannose receptor has been widely investigated, very few 
mannosylated candidates have entered the clinical trials. Herein, we discuss a prom-
ising mannose-based targeted strategy DermaVir, a topical preparation for the treat-
ment of HIV/AIDS and FDA-approved radiopharmaceutical 99mTc-tilmanocept for 
sentinel lymph node mapping.

DermaVir (Genetic Immunity) is currently enrolled for Phase III clinical trials, 
set to begin in 2019. It represents topical immunotherapy for the treatment of 
HIV/AIDS comprising of plasmid DNA-based mannosylated particles [110, 111]. 
The mannosylated particles are formed by complexation of DNA with a cationic 
polymer (PEIm) while glucose present in the formulation acts as an aggregation 
inhibitor and stabilizer. The formulation when applied on the epidermal layer pen-
etrates the skin surface and triggers immune responses.

Staging of cancer progression relies on the mapping of lymph node metasta-
ses. Mapping of the sentinel lymph node requires an agent that quickly clears the 
injection site, rapidly enters, and retains in the sentinel lymph node, without 
entering the distal lymph nodes. FDA-approved 99mTc-tilmanocept by Navidea 
Biopharmaceuticals is a mannose-targeted radiopharmaceutical for the detection 
of sentinel lymph node and lymphatic mapping in tumors [112, 113]. The radio-
pharmaceutical has crossed several clinical trials [114–116] and is now employed 
for stage determination of cancers under the trade name “Lymphoseek.”

Chemically, it is 99mTc-diethylenetriaminepentaacetic acid–mannosyl–dextran 
comprising of diethylenetriaminepentaacetic acid and mannose units covalently linked 
to a 10-kDa dextran backbone. The binding occurs via the mannose residues to the 
receptors expressed by the myeloid cells. Following injection, 99mTc- tilmanocept 
enters the lymphatic channels and localizes in the sentinel lymph node by binding 
to the mannose receptor, thus enabling the mapping of lymph.

8  Advantages and Limitations Related to Specific Targeting 
through Through Mannose Receptor

As mannose receptor is predominantly located on macrophages, the abode of intra-
cellular infections, specific targeting via mannosylated conjugates and mannose 
decorated nanocarriers can improve the efficacy of therapeutics and vaccine candi-
dates. Additionally, mannose receptor mediated targeting could provide a practical 
approach for development of intracellular vaccines. Nevertheless, mannose-targeted 
vaccines would need to be coupled with other agents to enhance immune response. 
Interestingly, vaccines based on mannose receptor endocytosis may not only 
enhance immune responses against cancer and infectious diseases but could also 
find application in autoimmune disease therapeutics [58]. Surface-modified 
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mannosylated constructs could provide the additional advantage of both phagocytic 
and endocytic uptake to augment intracellular drug concentrations. However, the 
ubiquitous presence of macrophages all over the body could provide challenges in 
targeting specific macrophages through mannosylated carriers.

9  Conclusion

Targeting the mannose receptors represents an exciting therapeutic strategy for 
infections and cancers overexpressing the receptors. Extrapolating this strategy to 
vaccines provides exciting opportunities in the design of targeted therapeutics.
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Chapter 16
Transferrin Receptor and Targeting 
Strategies

Harsh A. Joshi, Esha S. Attar, Prajakta Dandekar, and Padma V. Devarajan

Abstract Treatment of cancer is an extraordinary challenge using conventional 
therapy due to serious side effects. Targeted delivery of therapeutics has changed this 
paradigm. Among various approaches, receptor-mediated targeting presents great 
promise. Since transferrin receptor (TfR) is known to be overarticulated in various 
cancers, it is a lucrative target in cancer research. TfR-mediated drug delivery can 
deliver therapeutic cargo into tumor cells to enhance cytotoxicity with significant 
reduction in systemic toxicity. This has propelled the exploration of innovative 
targeting approaches using nanodrug delivery systems. This chapter discusses the 
TfR physiology and related pathophysiology, and also summarizes various drug-
targeting strategies and theranostics, which rely on transferrin (Tf) as the targeting 
ligand for cell-directed delivery. Further forays into evaluating TfR- mediated target-
ing as a strategy to tackle brain infections are also proposed.

Keywords Transferrin · targeted drug delivery · cancer · infection · blood–brain 
barrier · theranostics
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DA Dodecylamine
DAB Diaminobutyric poly(propylene imine)
Fe-Tf Iron-carrier protein transferrin
HFE Hereditary hemochromatosis protein
H-ferritin Ferritin-H homopolymer
HIF Hypoxia-inducible factors
hLf Human lactoferrin
HRE Hypoxia-responsive elements
hTf Human serum transferrin
hTF/2N Human serum transferrin
IgG1 Antihuman TfR antibody
IgG1 Monoclonal antibody 454A12 P
IgG1 Monoclonal antibody 5E9
IgG1 Monoclonal antibody HB21
IgG3 Chimeric human TfR antibody fused
IRE Iron-responsive elements
IRP Iron regulatory proteins
MrTf Rabbit serum transferrin
MTF Melanotransferrin
mTOR Mammalian target of rapamycin
NIR Near-infrared
NLCs Nanostructured lipid carriers
oTf Chicken ovotransferrin
PEG Polyethylene glycol
PEG-PE Polyethylene glycol-phosphatidylethanolamine
PHD Prolyl hydroxylases
Reg1 Regnase-1
RGD Arginine–glycine–aspartic acid
ROS Reactive oxygen species
SA Stearylamine
SLNs Solid lipid nanoparticles
SP Spermine
Tf Transferrin
TfR Transferrin receptor
TfR1 Transferrin receptor 1
TfR2 Transferrin receptor 2
TPGS-COOH D-α-tocopheryl polyethylene glycol 1000 succinate
TTP Tristetraprolin

1  Introduction

An ongoing approach to increase the efficacy of therapeutic drugs is the intracellular 
delivery of actives to defined target cells, warding them off healthy cells to decrease 
overall toxicity, to enable effective treatment with superior resilience. Attempts to 
discover the potential of precise and target-oriented delivery systems mention 
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 precedents such as polymeric nanoparticles [1], liposomes [2], and ligand- assisted 
delivery systems [3, 4]. In recent years, an important focus has been on ligand-based 
targeted delivery to receptors expressed/overexpressed on cells, as these also exhibit 
low immunogenicity. The well-described cellular uptake pathway of Tf is being suc-
cessfully used for targeting various therapeutic agents into proliferating cancer cells 
which exhibit TfR overexpression [4]. As compared to the normal cells, the articula-
tion of TfR is many times higher in cancerous cells and a direct relationship to cancer 
stage and tumor development is suggested [5]. Such overarticulation and the necessity 
of iron for tumor cell growth mark TfR a promising target for tumor therapy. This 
chapter details the TfR and its regulation and the expression in different cancers. 
Furthermore, various approaches of delivering  therapeutics and theranostics mediated 
via TfR uptake in cancer therapy are summarized and newer opportunities proposed.

2  Transferrin Receptor

The TfRs regulate intracellular transport of iron facilitated by Tf, a nonheme protein 
that can bind to and transport iron in the systemic circulation [6, 7]. The primary struc-
ture of the receptor (Fig.16.1) comprises two similar glycosylated subunits of 95 kDa 
which are connected via two disulfide bonds at cysteines 89 and 98 to form a dimer 
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[8]. Each subunit (760 amino acids) is made up of three domains. The extracellular 
C-terminal domain (671 amino acids) which is large, globular, and known as ectodo-
main has a Tf-binding site. Other domains are short N-terminal cytoplasmic (61 amino 
acids) and a hydrophobic transmembrane domain (28 amino acids) [9]. Crystallographic 
investigations revealed that the homodimer of transferrin receptor 1 (TfR1) was 
shaped like a butterfly. The ectodomain contains three glycosylation residues on the 
nitrogen of arginine at 727, 317, and 251, one glycosylation residue on the oxygen at 
104 of threonine. Glycosylation on these positions is an important requirement for the 
receptor to function. Each TfR1 unit comprises of three different globular subdomains 
[10], recognized as helical domains (H), apical (A), and protease-like (P), which form 
a cleft-like structure laterally which is proposed to be in close association with the Tf 
molecules which are folded [10]. Tf peptide binds with both subunits each, and since 
two ferric ions can bind with one Tf peptide, four ferric ions can be internalized simul-
taneously during TfR-mediated endocytosis. Tf exhibits a very high binding affinity 
to TfR1 wherein two molecules of Tf can bind with one unit of TfR1, with binding 
affinity in the order of 105–1010 M−1 [11]. The di-ferric Tf always has a 1000-fold and 
10- to 30-fold more affinity for the TfR1, as compared to apo-Tf and mono-ferric, 
respectively [12]. Although the exact binding mechanism is not yet elucidated, the 
C-lobe of Tf is thought to be the main recognition site for human TfR [13].

2.1  Physiological Functions of Transferrin Receptor

The TfR is a glycoprotein associated with the cell membrane that acts as a gate-
keeper in regulating take-up of iron in cells from Tf, which is a plasma protein that 
transports iron in circulation [6]. High reactive oxygen species (ROS) can be gen-
erated due to iron redox activity, which leads to damage of biomolecules (proteins, 
lipids, nucleic acids) and results in the progression of oxidative stress [12]. Thus, 
the consequences of both iron overload and deficiency are to be considered as seri-
ous. Iron is an essential nutrient for cancer cells and intracellular iron delivery is 
facilitated by the TfR. Various control mechanisms are developed by organisms to 
keep the adequate and safe concentration of intracellular and systemic iron. Iron 
homeostasis is maintained by a matrix of proteins [14]. In this way, iron deficiency 
or iron overburden in tumor cells can restrain tumor development and cause tumor 
cell demise. Blocking this iron uptake pathway is, therefore, an important approach 
to treat cancer. Strategies that attempt to deplete intracellular iron using iron chela-
tors or cytotoxic drug conjugates with TfR1 are also reported [15, 16].

2.2  Transferrin Receptor Location and Regulation 
of Expression

Higher levels of the receptor are expressed under conditions of cell proliferation in 
the blood–brain barrier (BBB), deep epidermis, and villi of the intestine [9]. High 
levels of TfR expression were also found in activated peripheral blood mononuclear 
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cells [17]. The placental trophoblasts, which express TfR, fulfill the iron requirements 
of mature erythroid cells and fetus for heme production [18]. In addition, though 
normal circulating lymphocytes do not express TfRs, mitogen-induced proliferation 
can result in their expression to meet the demands of high iron [9]. The TfR1 expres-
sion in monocytes, hepatocytes, cerebrum and the BBB, intestinal cells, red blood 
cells, and erythroid cells is low.

The expression of the TfR is governed and inversely proportional to the avail-
ability of iron in cells. While an iron chelator desferrioxamine can result in an up to 
fivefold enhancement of the TfR [9], exogenous iron presence as hemin or ferric 
ammonium citrate can significantly reduce the TfR expression [19]. Iron regulatory 
proteins (IRPs) also serve as specific stimuli, especially IRP1 and IRP2, and can 
modulate iron-dependent TfR1 expression at the posttranscriptional stage. The 
depletion of cellular iron activates IRPs which are stopped by iron overload [20]. 
Under conditions of low iron, the TfR1 transcript is protected by the binding of 
IRPs that neutralize degrading nucleases’ enhancing levels of the TfR1 protein and 
ensuring iron uptake [12]. In general, cell iron shortage results in enhanced TfR1 
synthesis and increases TfR1 receptors at the cell surface.

IRP activity is also regulated by other iron-dependent stimuli like inflammation 
[21], oxidative stress [22], hypoxia and xenobiotics, or other stimuli under physio-
logical conditions [23]. In the case of hypoxia, TfR1 gene transcription is mediated 
by hypoxia-inducible factor (HIF) [24]. In cells with iron deficiency, HIF-mediated 
TfR1 transcription is also induced because the regulation of HIF stability is gov-
erned by ferrous iron [12]. The regulation of TfR2 articulation is markedly different 
from the regulation of TfR1 articulation and is characterized by the absence of ele-
ments responsive to iron. It is governed at the transcriptional and posttranslational 
levels, by the transcription factors C/EBPα, GATA-1, and hepatic HNF4α which 
enhance TfR2 levels. Further holo Tf can protect TfR2 from degradation by lyso-
somal enzymes, thereby increasing its half-life [25].

3  Recognition Domain of Transferrin Receptor

TfR exhibits binding to iron carrier serum protein Tf (Fe-Tf) and hereditary hemo-
chromatosis protein (HFE). Two atoms of di-ferric Tf (Fe-Tf) bind in the cleft of 
the receptor formed by the two folded lobes namely the C- and N-lobes, with con-
formational changes occurring when Fe-Tf is converted to free iron [26]. Moreover, 
continuous repacking at the interface between the flaps results in dynamically 
occurring changes in the covered and uncovered residues. A TfR helical domain is 
recognized wherein the TfR homodimer binds to four Tf molecules [27]. An argi-
nine–glycine–aspartic acid (RGD) sequence (residues 646–648) is also recognized 
as an essential component in the recognition site. Other domains are also recog-
nized [28].
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3.1  Structure–Activity Relationship of Substrate/Ligand 
for Selective Binding

TfR associates with Tf and HFE, both being proteins crucial for influencing the fate 
of iron [29]. A density map of the di-ferric Tf and receptor complex [13] demon-
strates the C-lobe in the lateral region of TfR and N-lobe in the region representing 
the stalk of the receptor. The N-lobe consequently mounts in the space between the 
ectodomain of the TfR and the cell membrane. Binding of TfR homodimer occurs 
through N-lobes of both Tf molecules and two stalks of receptors. The apical region 
is not involved in association with iron and hence the function remains elusive.

Like the class I major histocompatibility complex HFE must assemble with β2 
microglobulin [17]. Similar to Fe-TF, as HFE binds to the TfR in endosomes, it may 
be subjected to lysosomal degradation. Although TF and HFE compete for receptor 
binding with TfR, iron release from Tf in the endosome is not affected by HFE [17]. 
However, HFE can hinder cellular uptake of iron by degradation of TfR, thereby 
preventing the recycling of TfR.

4  Pathophysiological Features in Cancer

The normal cells’ transformation to malignant cells and tumor progression involve 
complex processes that are still largely obscure. Several investigations have demon-
strated an upregulation of the TfR on drug-resistant and metastatic tumors, com-
pared with typical tumors, for example, pancreas [30], liver [31], breast [32], lung 
[33], and colon [34]. The upregulation of TfR1 is triggered by iron deficiency 
induced by rapid cell proliferation justifying the higher TfR1 expression on cancer 
cells. Further, such overexpression seems to relate to the progression of cancer and 
the stage of the tumor. While malignant cells can express about 104–105 molecules 
per cell, the receptor is barely detectable in normal cells [7]. The expressions of 
TfR1  in different cancers are conflicting and the mechanisms by which TfR1 is 
involved in tumor progression remain elusive.

4.1  In Brain Cancer

TfR1 is highly expressed in brain cancer and involved in regulating the physiology 
of glioma cells and hence aids progression of brain cancer [35]. ROS generation and 
iron accumulation via TfR1 act as main effectors of respective transcription factors 
facilitating proliferation of glioma and glioma-induced death of neurons [36]. 
Dysregulation of IRPs affects iron which is required for cell division and cancer 
pathophysiology. The presence of TfRs on the blood–brain barrier provides addi-
tional opportunity for drug targeting to the brain.
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4.2  In Breast Cancer

A correlation of expression of the TfR with the stage of malignancy also has been 
evaluated in breast cancer by studying a range of noncancerous and malignant breast 
tissue samples [37]. Premalignant lesions and invasive carcinoma revealed higher 
levels of the receptor compared to noncancerous tissues and benign lesions. Reverse 
transcription-polymerase chain reaction revealed more TfR expression in MCF-7 
cells than in human mammary epithelial MCF-12A cells [5] and that IRP2 dominated 
in iron accumulation and increased TfR1 [38]. Thump down of IRP2 in triple negative 
breast cancer MDA-MB-231 cell line raised the expression of ferritin heavy chain 
with diminished TFR1, subsequently diminishing the labile iron pool and hindering 
proliferation of MDA-MB-231 cell line in the mammary fat cushion of mice [5].

4.3  In Colon Cancer

Okazaki et  al. found that the circadian organization of molecular clock affected 
TfR1 expression in colon cancer cells of mice and the 24-h rhythm of IRP2 expres-
sion which modulates TFR1 expression, useful for targeting in colon cancer thera-
pies [39]. Compared with the normal colon mucosa, IRP2 overexpression in 
colorectal cancer positively correlated with the expression of TfR1 [40].

4.4  In Leukemia

Numerous studies have discovered that TfR1 was upregulated in leukemia, hence 
TfR1 could be a potential marker in the determination of acute leukemia (AL) [41] 
and acute lymphoblastic leukemia (ALL). TfR1 articulation was significantly higher 
on T-cell leukemias while in the B-cell leukemia mature B-ALL revealed higher 
expression of TfR compared to precursor cells of B-ALL. A noteworthy change in 
TfR1 articulation existed between precursors and matured B acute lymphoblastic 
leukemia, which exhibited higher TfR1 articulation. TfR1 also exhibited good cor-
relations for diagnosis with hemoglobin concentration [42].

5  Binding of Substrate and Ligand and Internalization 
Pathway

Cells internalize iron by four general pathways [43]. The most studied and under-
stood pathway which is also most predominant is the uptake of iron bound to Tf [6, 
25]. Two iron molecules bind to TfR, one to each lobe. Cellular internalization of 
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di-ferric Tf is enabled by a clathrin-mediated endocytic process. Fe3+ is liberated 
from Tf as conformational change occurs when the pH decreases to 5.5 within the 
vesicle. At this low pH, TfR1 remains associated with Apo-Tf, as it is reused back 
to cell surface and the two dissociate at cytosolic pH. Free ferric ion is reduced to 
ferrous in the endosomes and transported out into the cytosol, where it can be uti-
lized in various cell functions. At physiologic pH, di-ferric Tf exhibits an affinity 
which is 10–110 times higher than Apo-Tf. Unlike most other receptors, TfR can be 
internalized even in the absence of a ligand.

5.1  Antagonist for Ligand Binding

The antagonist of TfRl is the group consisting of antibodies, antigen-binding 
portions of antibodies, small organic molecules, aptamers, or polypeptides. A 
small molecule like ferristatin has been reported as an antagonist which restrains 
iron uptake from Tf–TfR by promoting degradation of cell surface TfR [44]. Anti-
TfR antibodies have displayed the ability to hinder the growth of cancerous cells 
by different mechanisms. Studies using murine antagonists are summarized in 
Table 16.1.

Table 16.1 Murine antagonist antibodies in tumor therapy

Antibody Isotype Outcome References

Rat anti-mouse TfR

R17 208 IgM Blocked internalization of the Tf–TfR complex, did not 
interfere with Tf binding. Cells arrested in G2/M phase of the 
cell cycle

[45, 46]

REM17 IgM Blocked Tf function. Inhibited cell growth of hematopoietic 
tumor cells in vitro and in vivo

[47]

R17 217 IgG2a Did not inhibit cell growth of hematopoietic tumor cells.
Did not block Tf–TfR internalization. Downregulated surface 
TfR expression

[46, 48]

C2 IgG2a Did not inhibit cell growth of hematopoietic tumor cells, unless 
cross-linked or used in combination

[49]

Murine antihuman TfR

43/31 IgGa Inhibited binding of Tf to TfR. Cytotoxic to normal 
granulocyte/macrophage progenitor cells. Not cytotoxic to 
mitogen-stimulated mononuclear or CCRF-CEM cells

[50–52]

E2.3 IgG1 Cytotoxic to IL-6 dependent hematopoietic tumor cells [53]
D65.30 IgG1 Inhibited growth of CCRF-CEM cells [51]
A27.15 IgG1 Cytotoxic to IL-6 dependent hematopoietic tumor cells [54]
A24 IgG2b Competed with Tf for TfR binding and blocked iron uptake.

Reduced TfR expression and impaired TfR recycling. Induced 
apoptosis of activated T cells

[55]

aIgG isotype not described
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5.2  Ligands Explored

5.2.1  Transferrin

Tf is perceived as one of the essential ligands exploited for effective delivery of 
therapeutic agents to tumor site. Tf protein superfamily includes human serum Tf 
(hTf), chicken ovoTf (oTf), MelanoTf (MTF, tumor-bound antigen 97), human lac-
toferrin (hLf), and rabbit serum Tf (rTf). Researchers have revealed Fe coordination 
in binding sites with four protein ligands (one histidine, one aspartate, and two 
tyrosines) and two oxygens from the synergistic carbonate anion results in an octa-
hedral arrangement similar to the octahedrally bound ferric ion (Fig. 16.2). In the 
N-lobe of Tf (hTF/2N), the ligands are Asp 63, Tyr 188, Tyr 95, and Asp 63, His 
249, with NI domain, Tyr 188 on the NII domain, and His 249, Tyr 95 on the hinge 
strands. Tf can also attach to metal ions like di-, tri-, and tetravalent. Anions which 
possess a carboxylate group are capable of functioning as the “synergistic anion,” 
which can coordinate with the metal center replacing carbonate [56]. The carboxyl-
ate group is an excellent ligand for Fe (III) and serves as such in many nonheme 
iron proteins. In Tf, it coordinates the metal through one carboxylate oxygen and 
hydrogen bonding between the two TfR domains with the second oxygen atom [57]. 
Such carbonate binding supports iron binding thereby exhibiting synergy.

5.2.2  Human Hemochromatosis Protein (HFE)

HFE which is a heterodimeric protein comprises of a heavy chain which is mem-
brane bound in noncovalent association with microglobulin which represents a sig-
nificantly lighter chain. With properties, similar to the major histocompatibility 

Fig. 16.2 Schematic diagram of the six-coordinate iron site; the coordination geometry is dis-
torted octahedrally
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complex proteins (class I), HFE can aid in the presentation of antigenic peptides to 
T lymphocytes. The finding that TfR1 can readily complex with HFE, wherein two 
HFE molecules could bind to TfR [26], has confirmed the implication of HFE in 
iron homeostasis.

5.2.3  Ferritin

Tf is the main iron transporter in circulation while ferritin is involved in the storage 
of iron. TfR1 which is responsible for TF uptake can also enable uptake of ferritin 
[58]. However, increased levels of TfR1 are required for uptake of ferritin. Hence, 
erythroblasts which express very high levels of TfR1 readily incorporate ferritin. 
Further only ferritin-H (homopolymer) exhibits such uptake which is not exhibited 
by ferritin. Uptake of ferritin is clathrin-mediated endocytosis and subsequent trans-
fer to the lysosomes for degradation and release of iron.

5.2.4  Anti-TfR Antibody

Many of the anti-TfR antibodies function as ligands by conjugation with toxins to 
enable their cellular uptake mediated by TfR [9, 59]. Table  16.2 summarizes 
the same.

Table 16.2 Anti-transferrin receptor antibody

Conjugated 
compound Targeting moiety Outcomes References

Gelonin Monoclonal 
antibody 5E9 
(IgG1)

High in vitro cytotoxicity in leukemia cell 
lines. Reduced tumor burden in lymphoma-
bearing mice and prolonged survival

[60]

Ricin Antihuman TfR 
antibody (IgG1)

Specifically induced cell death in tumor 
cells.
Human melanoma growth was inhibited in 
nude mice

[61]

Antihuman TfR 
antibody (IgG1)

Enhanced efficacy by killing brain tumor cell 
lines at lower IC50 values

[62]

Monoclonal 
antibody 454A12 
(IgG1)

No systemic toxicity detected in patients. 
More than 50% reduction of tumor cell 
counts

[63]

Saporin Chimeric human 
TfR antibody fused 
to (IgG3)

Increased cytotoxicity in both sensitive and 
resistant lymphoblastoid cells

[64]

Pseudomonas 
exotoxin

Monoclonal 
antibody HB21 
(IgG1)

Enhanced cytotoxicity in human ovarian 
carcinoma cell line and KB cells

[65]
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5.2.5  Natural Tropism

Viruses like the new world arenavirus and canine parvovirus exhibit natural tropism 
for the TfRs [66]. These viral vectors are seen to predominantly localize either in the 
lysosomes or in the endosomes [67] and could therefore serve as a promising 
platform for tumor targeting. Canine parvovirus-like particles in particular demon-
strated high uptake in all TfR-expressing cells.

5.2.6  Peptides

Peptides can exhibit malignant cell recognition and capture and hence provide a 
useful strategy for specific targeting of Y1 (VHWDFRQWWQPS) and Y2 
(AWYSNLLPLARF) peptides which can enter into cancer cells via TfR. Peptide Y1 
exhibits binding which is different from Tf or monoclonal antibody (mAb) and 
hence can possibly replace Tf to deliver drugs without competing with endogenous 
Tf [68]. Another peptide T7 (HAIYPRH) also displayed targeting capability for TfR 
with similar advantages [69].

6  Receptor-Mediated Targeting Strategies

Targeting mainly focuses on enhanced intracellular drug uptake to increase efficacy 
with simultaneous decrease in toxicity. The two fundamental approaches in drug 
targeting are active or passive targeting. Receptor-mediated targeting is considered 
as an active targeting strategy. Overexpression of TfR makes it especially attractive 
to explore this receptor-mediated strategy for intracellular drug delivery. Various 
approaches explored are detailed in the following text.

6.1  Drug Conjugates

Drug conjugates involve drugs covalently conjugated to ligands and thereby enable 
ligand-based targeting to receptors [70]. Conjugation of adriamycin to Tf by glutar-
aldehyde demonstrated cytotoxicity to adriamycin-resistant HL-60 cells [71]. 
Paclitaxel-Tf conjugate indicated slight decrease in cytotoxicity of paclitaxel in lung 
cell line [72], while paclitaxel-conjugated Fmoc-L-glutamic corrosive 5-tert- butyl 
ester (linker) and Tf demonstrated enhanced tumor-targeting capacity in the resis-
tant breast cancer cell lines (MDA-MB-231), MCF-7 and lung cancer cell line A549 
[73]. Cisplatin Tf conjugates increased cellular uptake and avoidance of drug resis-
tance in A2780S and A2780CP70 cell lines and targeted delivery of drug in 
A2780CP70 tumor-bearing mice [74]. Similarly, antiproliferative activity and 
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prolonged circulation were observed in human epidermoid carcinoma cell line 
(A431) with the help of cisplatin Tf-binding conjugates [75]. Cisplatin Tf-binding 
conjugates exhibited ten-fold enhanced inhibition compared to free drug in HeLa 
and MCF-7 cell lines [76]. Doxorubicin thiolated Tf conjugates displayed inhibi-
tory efficacy in breast cancer (MDA-MB-468), leukemia cell lines (U937), and lung 
carcinoma (LXFL 529) [77]. Doxorubicin Tf-binding conjugates prolonged the sur-
vival of mesothelioma tumor mice as compared to free doxorubicin [78]. 
Tirapazamine Tf conjugates coupled with cisplatin improved cytotoxic impacts in 
human colorectal adenocarcinoma cell line (SW1116) [79].

6.2  Liposomes

Liposomes are small phospholipid-based vesicles comprising bilayers encompass-
ing an aqueous center. This makes it versatile to encapsulate both hydrophilic and 
lipophilic drugs [80]. Liposomes being highly compatible are among the preferred 
nanocarriers for targeted drug delivery. Tf-coupled liposomes established high brain 
uptake of 5-fluorouracil (5-FU) across the BBB [70]. Conjugating Tf to polyethyl-
ene glycol (PEG) or to other ligands using various chemical cross-linking strategies 
is also demonstrated. In such manner, docetaxel liposomes coupled with 
 TPGS- COOH (D-α-tocopheryl polyethylene glycol 1000 succinate) and covalently 
conjugated to amino end groups of Tf that assembled on the surface of the  liposomes 
revealed significantly increased transport across the BBB. Such liposomes may also 
serve to actively target the drug to brain tumor cells that overexpress Tf [78]. Dual 
targeted liposomes of paclitaxel using arginine–glycine–aspartic acid (RGD) and Tf 
revealed excellent apoptotic activity in glioma cell line and its spheroids [81]. 
However, conjugating liposomes with PEGylated Tf as ligand is among the more 
widely explored strategies. Stealth imparted to the liposomes by PEG enables their 
access to the BBB, to facilitate targeted delivery across the BBB. Outcomes of stud-
ies on PEGylated Tf-targeted liposomes are summarized in Table 16.3.

6.3  Polymeric Nanoparticles

Nanoparticles are colloidal carriers made from biodegradable polymeric carrier 
materials. A major advantage is their greater stability compared to liposomes. 
Tf-conjugated paclitaxel-loaded poly(lactic-co-glycolide) nanoparticle revealed 
five times lower IC50 as compared to unconjugated nanoparticles in human prostate 
cancer PC3 cell line and greater inhibition of tumor in a prostate cancer murine 
model [94]. Tf conjugation with PEGylated nanoparticle proved a promising strat-
egy for doxorubicin–PLGA nanocarriers which showed threefold reduction in IC50 
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Table 16.3 Transferrin-conjugated liposomes for targeted delivery

Active
In vitro/ in vivo 
model Outcomes Reference

Docetaxel K562 and KB cells Efficient uptake in K562 and 
3.6-fold greater cytotoxicity in 
KB cells

[82]

Cisplatin Nude mice with 
MKN45P human 
gastric tumor cells

Higher survival rate with 
Tf-PEG liposome

[83]

Resveratrol U87MG cells and 
mouse model of 
glioblastoma

More cytotoxicity in GBM 
cells. Inhibited tumor growth 
and improved survival in mice

[84]

Doxorubicin Lung cancer model 
in nude rat

More animals survived and 
have small and fewer tumors 
in tissues

[85]

Isoquinoline HeLa and HEK- 
293T cells

Superior antitumor activity 
in vitro

[86]

Anti-BCR-ABL siRNA or 
asODN

K562 and LAMA- 
84 cells

Tf liposomes allowed cellular 
targeting

[87]

Cisplatin C6 glioma cell line 
and immortalized 
mouse brain 
endothelial cell line 
bEnd3

Sequential distribution into the 
nucleus of C6 cells and higher 
acquisition in the lysosome of 
bEnd3

[88]

Doxorubicin C6 glioma Significantly increased in 
gliomal doxorubicin with 
Tf-PEG liposomes compared 
to other liposomes

[89]

Doxorubicin Cell line HepG2 and 
tumor-bearing mice 
with HepG2 cells

Higher uptake in HepG2 cells 
and enhanced doxorubicin 
concentration in tumor

[90]

Monoclonal IgG antibody, 
34A

Colon 26 tumor- 
bearing mice

Tf-PEG liposomes had the 
capabilities of specific 
receptor binding and 
receptor-mediated endocytosis 
to target cells after 
extravasation into solid tumors 
in vivo

[91]

Phosphorothioate antisense 
oligodeoxyribonucleotide 
(G3139)

K562 leukemia cells Efficient uptake of 
Tf-conjugated G3139- 
containing liposomes in TfR 
positive K562 cells. Could be 
blocked by excess free Tf

[92]

Vincristine and tetrandrine C6 glioma cell line 
and glioma-bearing 
mice

Strong efficacy in both in vitro 
and in vivo brain glioma 
models

[93]
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values in prostate cancer PC3 cell line [95]. In another study, Tf attached PEGylated 
paclitaxel and vorinostat nanoparticles significantly enhanced the cytotoxicity in 
HepG2, MCF-7, and MDA-MB-23 cancer cells and displayed excellent antitumor 
efficacy in HepG2 tumor-bearing mice [96]. Enhanced targeting ability of 
doxorubicin- conjugated Tf nanoparticles with various polymers was showcased in 
many studies such as in 9L gliosarcoma cells [97], HCT119 [98], PC3 [99], HeLa, 
and K562 cells [100] and antitumor activity in A549 tumor-bearing mice [95]. 
Tf-mediated doxorubicin and curcumin nanoparticles with a pH-sensitive polymer 
showed efficient tumor-targeted delivery in xenograft mice bearing MCF-7 cells 
and increased cytotoxic effects in MCF-7 cells [101]. Also, OX26 (monoclonal 
antibody) functionalized temozolomide PLGA nanoparticles designed to target 
TfR revealed higher cellular internalization and enhanced antitumor activity in 
glioblastoma cells (U215 and U87) [102]. For more details, the readers are directed 
to the following reviews [36, 103].

6.4  Polymeric Micelles

Polymeric micelles comprise polymeric surfactants which self-assemble above 
critical micelle concentration to form micellar structures with central hydrophobic 
core. Tf-modified polymeric micelles of PEGylated-phosphatidylethanolamine 
(PEG-PE) co-loaded with curcumin and paclitaxel provided better intracellular 
localization with high cytotoxicity [104]. The same combination also showed clini-
cal advantages for the treatment of paclitaxel-resistant ovarian cancer [105], and 
when loaded with selective ATP-competitive cyclin-dependent kinase inhibitor it 
was found promising for the treatment of tumors overexpressing TfR [106]. Micelles 
made from polylactic acid-D-α-tocopheryl polyethylene glycol 1000 succinate 
copolymer containing docetaxel revealed 70-fold more impact in A549 cells com-
pared to nontargeted micelles [107]. Tariquidar and paclitaxel in Tf-anchored 
micelles showed enhanced cytotoxicity against the SKOV-3TR and A2780-Adr 
multidrug-resistant (MDR) cells [108].

6.5  Lipid-Based Nanoparticles

Lipid-based nanoparticles are categorized as solid lipid nanoparticles (SLNs) and 
when modified with liquid lipid to enable better drug loading, as nanostructured 
lipid carriers (NLCs) [109]. SLNs exhibit distinctive properties such as high drug 
loading of hydrophobic drugs, large surface area, and protection of the drug from 
the environment and enhanced bioavailability. They can be anchored with Tf to 
exhibit TfR-mediated targeted delivery [110]. Gene-loaded Tf polyethylene glycol- 
phosphatidylethanolamine SLN was synthesized which enhanced the efficacy of 
cancer therapy in A549 tumor-bearing mice [111]. Tf-conjugated etoposide-loaded 
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SLN showed significantly higher anticancer activity in the human nonsmall-cell 
lung cancer cell line (A549) [112]. Similarly, NLCs also demonstrated Tf-based 
targeted delivery and improved outcomes. Tf-modified doxorubicin and green fluo-
rescence protein plasmid co-encapsulated NLCs demonstrated remarkably increased 
anticancer activity due to a combination of gene therapy and chemotherapy [111]. 
DNA and doxorubicin Tf-conjugated NLCs demonstrated noticeably enhanced 
antitumor activity in lung tumor-bearing C57BL/6 mice [113]. Tf-conjugated NLCs 
modified using fatty amines like spermine (SP), dodecylamine (DA), and stearyl-
amine (SA) revealed enhanced cellular uptake in acute myelogenous leukemia cells 
(K562) [114]. Optimized paclitaxel NLC when coupled with Tf showed higher 
cytotoxic activity against U-87 brain cancer cell line [115].

6.6  Dendrimers

Dendrimers are hyperbranched polymeric structures which have a core with radial 
stents that enable a globular nanoparticle structure. Their special feature is the very 
small size of 2–10 nm, the possibility to modify the volume based on generations 
and hyperbranched structures which allow covalent conjugation of various func-
tional residues including ligands. Tf-conjugated G-3 dendrimer with a basic diami-
nobutyric poly(propylene imine) enhanced efficacy of plasmid DNA in (T98G) 
human glioma cell line and (A431) human epithelial carcinoma cell line. Higher 
expression of the enzyme in the tumor of (A431) compared to other organs con-
firmed the efficacy of gene delivered in vivo. The same Tf-anchored dendrimer also 
revealed complete tumor reduction in 90% of the studies when conjugated with 
another plasmid. This was in contrast to only 40% reduction seen in the absence of 
Tf [116].

6.7  Antibodies Targeting Transferrin Receptor

The ability of antibodies to bind to TfR has been exploited for cancer therapy. 
Conjugation of the murine IgG1 antihuman TfR (5E9) and doxorubicin with a pH- 
sensitive linker demonstrated efficacy in vitro and in vivo against human hemato-
poietic malignant cell lines Daudi and Raji [117]. Conjugation of bovine pancreatic 
ribonuclease A enzyme to an anti-TfR1 antibody showed promising response in 
leptomeningeal neoplasia, B-cell lymphoma, epidermoid tumor, and glioblastoma, 
and when conjugated to adriamycin-loaded liposomes enhanced activity was seen 
in adriamycin-resistant human leukemia cell line (K562/ADM) [118]. A diagnostic 
application of complexing the anti-TfR2 antibody with the radionuclide 90 Y enabled 
determination of overexpressed TfR1  in a xenograft model of pancreatic tumor 
[119]. The single-chain variable fragment (scFv) component of the anti-TfR1 
when genetically combined to a truncated mutant of Pseudomonas exotoxin revealed 

16 Transferrin Receptor and Targeting Strategies



472

cytotoxicity against various carcinomas including prostate carcinoma, human 
epidermoid carcinoma, breast carcinoma, and ovarian carcinoma and colon carci-
noma [120]. Similarly, the scFv anti-TfR1 5E9 loaded in liposomes with docetaxel 
revealed delivery of the p53 tumor suppresser gene selectively in tumor cells to 
achieve prolonged survival in a metastasis model of human breast cancer [121].

7  Theranostic Application

Theranostics combine delivery of drugs with imaging agents which are coadminis-
tered to enable therapy while simultaneously monitoring efficacy. The ultimate objec-
tive is to ensure customized therapy and better control over the disease [122]. 
Anchoring suitable ligands is practiced to enhance the targeting potential of the deliv-
ery system. Among others, the TfR has been studied as one of the effective targets 
[78]. Tf nanoparticles attached with IR780, a near-infrared (NIR) dye, showed notable 
targeting and theranostic potential in CT26 tumor-bearing mice [123]. An artesunate 
Tf conjugated to mesoporous copper sulfide (CuS) system was designed. This relied 
on near-infrared (NIR) absorption coupled with photothermal conversion enabled by 
CuS to release the contrast agent for photoacoustic imaging to monitor chemo-photo-
therapy. High antitumor effect was evident in MCF-7 cell tumor-bearing mice [124], 
whereas Fe3O4@ZnO nanocomposites containing doxorubicin could mediate the 
theranostic strategy for hepatocellular carcinoma bearing murine and orthotopic mod-
els [125]. Doxorubicin Tf conjugated to copper nanoclusters showed superior target-
ing efficiency with tumor growth inhibition resulting in enhanced survival rates of 
HeLa, MCF-7, and Daltons and lymphoma ascites bearing mice [126].

8  Clinical Trials

TfR-targeted clinical trials are summarized in Table 16.4 [127]. Most clinical trials 
are in Phase I/II and are being evaluated in solid tumors, pancreatic cancer, gastroin-
testinal (GI) cancer, and glioblastoma.

9  Advantages and Limitations Related to the Specific Cancer 
Targeting Through the Receptor

Tf has various advantages for targeted tumor delivery. Without causing any toxicity, 
nonimmunogenic human Tf can be safely delivered. Tf-conjugated drugs prevent 
cardiotoxicity and drug resistance. Moreover, Tf binding to tumor cells is greater 
than nonmalignant cells since TfRs on tumor cells recycle to the surface more 
quickly. Tf can be obtained from human sources.
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However, there are some limitations of Tf as a targeting ligand. Tf-conjugated 
drug delivery in higher dose may result in damage to other cells that express low 
levels of TfR. Further, high levels of endogenic Tf can result in competitive binding 
to tumor cell receptors, limiting the uptake of carriers designed for receptor- 
mediated uptake therefore limiting efficacy [128]. A Phase I trial (NCT00689065) 
of siRNA delivery system based on cyclodextrin as carrier, adamantane polyethyl-
ene glycol for surface modification, and Tf as the ligand was terminated due to 
adverse events in 21% of the patients, which was attributed to instability specifically 
of the Tf-targeting ligand.

10  Future Perspectives

A focused effort in TfR-mediated targeting for brain cancer therapy is evident, fur-
ther relying on the TfR to cross the BBB can augment therapeutics designed for 
other brain afflictions. Brain afflictions other than cancer include meningoencepha-
litis, neurosyphilis, tuberculous meningitis, neurocysticercosis, toxoplasmosis, and 
lifestyle CNS diseases like Alzheimer’s and Parkinsonism. CNS diseases would 
require prolonged treatment, and hence oral administration may not be reliable for 
brain targeting. However, for severe brain infections involving parenteral adminis-
tration, TfR-mediated high brain uptake could show immense promise for improved 
therapeutic outcomes and throws open a huge arena of possibilities.

Table 16.4 Transferrin receptor targeted clinical trials

Clinical Trial 
Identifier Condition Intervention

Trial 
Phase

NCT00355888 Metastatic solid tumors Oxaliplatin delivery through liposome- 
conjugated Tf (MBP-426)

Phase 
I

NCT02354547 Pediatric patients with solid 
tumors

scFv/liposome complex loaded with 
p53 DNA plasmid containing 
topotecan and cyclophosphamide

Phase 
I

NCT00470613 Solid tumors Complex of scFv/liposome containing 
p53 DNA plasmid containing 
docetaxel

Phase 
Ib

NCT00964080 Gastric, gastroesophageal, 
or esophageal 
adenocarcinoma

MBP-426/leucovorin/5-FU Phase 
Ib/II

NCT02340117 Metastatic pancreatic 
cancer

Complex of scFv/liposome made up of 
p53 DNA plasmid containing 
gemcitabine/nab-paclitaxel

Phase 
II

NCT02340156 Glioblastoma Complex of scFv/liposome containing 
p53 DNA plasmid with temozolomide

Phase 
II

NCT00083447 Glioblastoma TransMID (combination of transferrin 
and diphtheria toxin)

Phase 
III

16 Transferrin Receptor and Targeting Strategies



474

11  Conclusion

Targeted delivery exploiting the TfR provides a number of opportunities for 
improved therapy specifically for brain cancer. Extending this strategy for the effec-
tive treatment of brain infections opens exciting possibilities.
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Chapter 17
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and Infectious Diseases
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Abstract Preclinical evaluation of therapeutic molecules and their formulations is 
vital during drug discovery and development. These are also obligatory as a regula-
tory requirement. In vitro and in vivo studies serve as a powerful tool to obtain 
preliminary data regarding preclinical safety and efficacy of novel drugs and formu-
lations as a precursor to clinical studies. The first step in preclinical evaluation 
includes in vitro tests, wherein novel drugs and formulations are evaluated through 
cell-based assays or using specific microorganisms. These are used for high-
throughput screening of several entities to identify and shortlist candidates with 
promising efficacy and safety. Inhibitors to block specific endocytic pathways and 
methods to elucidate the endocytic pathway are also described. Such potential can-
didates are further evaluated in vivo using animal models closely resembling the 
human physiology and pathogenesis of the disease. This chapter reviews various 
in vitro and in vivo models for the analysis of drugs and formulations targeting two 
diseases which are leading causes of death globally, namely, cancer and infectious 
diseases which are the major focus of this book.
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Abbreviations

3H-T Tritiated thymidine
AMR Amiloride
AUC Area under the concentration–time curve
BrdU Bromodeoxyuridine
CAM Chorioallantoic membrane
CFU Colony-forming unit
Cmax Peak concentration
Col Colchicine
CPZ Chlorpromazine
EGFR Epidermal growth factor receptor
EIPA 5-(N-ethyl-N-isopropyi)-amiloride
EMT Epithelial to mesenchymal transition
FITC Fluorescein isothiocyanate
FRET Förster resonance energy transfer
GC Gas chromatography
GEMMs Genetically engineered mouse models
GFP Green fluorescent protein
HPLC High-performance liquid chromatography
IC50 Half maximal inhibitory concentration
LC-MS Liquid chromatography–mass spectrometry
MIC Minimum inhibitory concentration
MRSA Methicillin-resistant Staphylococcus aureus
MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
MβCD Methyl-β-cyclodextrin
NY Nystatin
PD50 Protective dose
PDOX Patient-derived orthotopic xenograft models
PDTC Pyrrolidine dithiocarbamate
PDX Patient-derived xenograft model
PK/PD Pharmacokinetic/pharmacodynamic
S.C. Subcutaneous injection

1  Introduction

Preclinical evaluation, comprising in vitro and in vivo studies, is an important aspect 
during drug discovery and development. These studies provide useful tools to assess 
the preclinical safety and efficacy of therapeutic molecules and their formulations 
before they may be certified as suitable for clinical studies. They furnish the 
researcher with a rationale for conducting clinical studies and are predictive of clini-
cal outcomes. A good preclinical model, characteristically, should be relatively 
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inexpensive, amenable to high-throughput screening, easy to develop, have the 
capacity to recapitulate the pathogenicity of the disease, and grant insights into 
molecular mechanisms of action of test specimens for in depth understanding of 
their activity [1].

This chapter, in keeping with the main theme of the book, discusses models for 
in vitro and in vivo analyses of two important diseases, cancer and infectious dis-
eases. These two diseases are the leading causes of death, globally. Thus, it is imper-
ative to develop effective therapeutic strategies to combat and control these 
conditions and to develop tools to ascertain their safety and efficacy.

Cancer is a complex and multifactorial disorder involving complex pathogenesis. 
The cellular genome undergoes a number of successive changes that leads to abnor-
mal growth, proliferation, and metastasis [2]. In vitro models for testing anticancer 
therapeutics have been the mainstay of evaluation from the time of discovery of the 
first human cancer cell line [1]. Since then, with increased understanding of the 
pathological mechanisms for initiation and progression of cancer, a number of dif-
ferent in vitro models have been developed to understand the complexity and diver-
sity of cancers. Although in vitro models do not ideally resemble the physiology and 
simulate only a limited aspect of the tumor microenvironment, they allow control of 
most of the experimental variables and permit qualitative and quantitative analyses 
of tumor markers that serve as hallmarks of particular cancers [3].

An ideal in  vivo model for the evaluation of anticancer therapeutics should 
closely resemble the exact stage of human tumorigenesis, reflect human tumor biol-
ogy, disease progression, and the probable therapeutic or toxic response. The tumors 
developed in vivo should mimic the physiological and molecular features of the 
human tumors, including the tumor microenvironment and associated immune 
responses. The model should also ideally recapitulate the phenotypic heterogeneity, 
polymorphism, resilience, and capacity of the tumor cells to metastasize [4]. This 
chapter discusses the different cellular and animal models that are usually employed 
for evaluating novel anticancer compounds and formulations.

A number of microorganisms such as viruses, mycoplasmas, bacteria (including 
rickettsiae, chlamydiae, mycobacteria, and actinomycetes), fungi (including yeasts), 
and protozoa are responsible for causing infectious diseases in human. Each organ-
ism differs in characteristics such as its genetic composition, structure, site of mul-
tiplication (intra- or extracellular), and nutritional requirements. For example, the 
human pathogens of bacterial origin belong to two general categories, that is, those 
causing intracellular and extracellular infections [5]. Thus, the spectrum of an anti-
infective molecule is governed by the classes of microorganisms responsible for 
diverse infections.

As in the case of anticancer drugs, the anti-infective drugs or their formulations 
also require extensive evaluation in appropriate in vitro systems and animal models, 
recapitulating the disease. These investigations reflect the biological spectrum of 
activity, pharmacological profile, and toxicity of the test samples.

The first step of preclinical evaluation involves tests that are designed to 
determine the activity of test samples against a specific target microorganism(s). 
Based on these results, the test systems can be shortlisted for determining their 
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mechanistic activity and toxicity. Further assessments include determining the 
development of resistance by the microorganisms toward the test moieties and 
understanding their interactions such as synergistic, additive, and antagonistic 
effects with other anti-infective drugs [6]. This stage may also involve under-
standing the biological interactions of molecules.

The next step in preclinical study is the evaluation in animal models. In vivo 
animal models are developed by artificial induction of infections, with an attempt to 
mimic the infectious process seen in human [7]. The basic screening models 
employed during in vivo evaluation provide information regarding the efficacy of a 
potential new drug or a novel formulation. It also helps in determining the route of 
administration, optimizing the dosing regimen, and identifying toxicity [8]. These 
screening models are suitable as they generally involve a single step, have short time 
duration, and are reflective of simple infections with the endpoint usually being 
lethality [9]. These are standardized and are thus reproducible and effective in 
studying particular disease aspects, which is almost impossible in clinical studies 
[8]. These screening models are followed by ex vivo models, monoparametric mod-
els, and discriminative models, which are associated with sophisticated and compli-
cated techniques to demonstrate efficacy or toxicity of therapeutic molecules and 
their formulations.

2  In Vitro Models for the Evaluation of Anticancer Agents

2.1  Determination of Cell Viability by MTT Assay

MTT (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide) assay is rela-
tively simple, high-throughput, and a routine technique for determining the cellular 
viability. The assay is based on mitochondrial activity of viable cells. Viable cells 
have constant mitochondrial activity and thus an increase or decrease in the number 
of viable cells results in a corresponding linear deviation in the mitochondrial activ-
ity. During this assay, the mitochondrial activity of the cells is measured by the 
conversion of the yellow colored tetrazolium salt MTT into blue formazan crystals, 
which are solubilized in DMSO for homogenous and reproducible measurement. 
Therefore, any increase or decrease in the number of viable cells can be detected by 
measuring formazan concentration by recording its optical density (OD) at 540 and 
720 nm using a plate reader [10]. This is a cost-effective assay, which can be used 
for preliminary high-throughput screening of drugs and formulations. The assay can 
be conducted in various cell lines, for the evaluation of different targeted drug deliv-
ery systems, as stated in Table 17.1. This experiment can be used to determine IC10 
or IC50 values, that is, the concentration of test substance that results in 10% or 50% 
of cell death, as well as the maximum nontoxic concentration of the test substance. 
Thus, it serves as an important tool for providing the preliminary indication regard-
ing in vitro efficacy as well as safety [11].
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The choice of the cell line depends on the type of cancer being targeted by the 
formulation under investigation. Table 17.1 provides a list of cancer cell lines used 
for the evaluation of targeted drug delivery systems. Table 17.2 enlists nano drug 
delivery systems whose cytotoxic effect has been evaluated using MTT assay.

2.2  Methods to Determine Cell Proliferation

These assays measure cellular proliferation based on their DNA content. In every 
cell, DNA synthesis and replication precede cell division; therefore, measurement 
of the newly synthesized DNA is proportional to cellular proliferation. Cell prolif-
eration is generally measured by quantifying the amount of a labeled nucleoside 
inside the genomic DNA. The most widely used labeled nucleosides are 3H-labeled 
thymidine (3H-T) and BrdU (bromodeoxyuridine). While incorporation of 3H-T, a 
radiolabeled nucleoside, is determined by measuring the radioactivity, BrdU is 
quantified by using a labeled monoclonal antibody against BrdU [23].

The tritiated thymidine (3H-T) labeling index has been widely used for estimat-
ing the proportion of cells in the S phase. The procedure is very similar to MTT 
assay. Cell proliferation can also be measured by labeling cells with halogenated 
thymidine analogs, such as bromodeoxyuridine (BrdU), in either in vitro or in vivo 
assays. Both tritiated thymidine and BrdU are incorporated into the nuclear DNA 
during the S phase of the cell cycle [24]. However, it should be noted that both triti-
ated thymidine and BrdU are markers of only DNA synthesis and not cell division. 
This is because DNA synthesis can also occur independently of mitosis, for exam-
ple, during gene replication, repair, or apoptosis [25]. Table 17.3 provides a list of 
drug delivery systems and formulations that have been evaluated for their effect on 
cellular proliferation using tritiated thymidine (3H-T) labeling assay or BrdU incor-
poration assay.

Table 17.1 Cell lines used during MTT assay of targeted anticancer drug delivery systems

Name of cell line Origin Reference

SKVO-3 Human ovarian adenocarcinoma cell lines [12]
A549 cells Human adenocarcinoma alveolar-based lung cancer 

cell line
[12]

LoVo Colon adenocarcinoma cells [12]
HeLa Cervical cancer cell line [13]
MDA-MB 231 Human triple-negative breast cancer cell line [14]
UMUC3 Human bladder cancer cell line [14]
HepG2 Human liver adenocarcinoma cells [15]
Huh7 Human hepatocellular carcinoma cells [16]

17 In Vitro and In Vivo Models for Cancer and Infectious Diseases
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2.3  Methods for Evaluation of Drugs and Formulations 
Inhibiting Angiogenesis

Angiogenesis is a physiological process of formation of new blood vessels from pre-
existing vessels and is tightly regulated by certain biomolecules. New blood vessels 
are generated from preexisting blood vessels by “sprouting” of endothelial cells, 
which results in expansion of vasculature [32]. Physiologically, angiogenesis is vital 
during embryo development, wound healing, and collateral formation of blood ves-
sels for improved oxygen perfusion. However, aberrant angiogenesis is deleterious in 
cancer as it promotes the cancer cells to penetrate blood vessels or lymphatic vessels, 
circulate through the intravascular stream, and then proliferate at another site, result-
ing in “cancer metastasis.” Therefore, cancer treatment strategies are aiming at com-
bining antiangiogenic agents with the conventional anticancer regimens [33].

Chorioallantoic membrane (CAM) assay has been widely used to study angio-
genesis, tumor cell invasion, and metastasis. It is a well-established model for the 
investigation of tumor angiogenesis and invasion for malignancies such as bowel 
cancer, glioma, prostate cancer, leukemia, osteosarcoma, and ovarian cancer [34]. 
The CAM matrix represents the physiological cancer environment because of a 
multilayer epithelium comprising the ectoderm at the air interface, mesoderm or 
stroma, and endoderm at the interface with allantoic sac along with extracellular 
matrix proteins such as fibronectin, laminin, and collagen type I [35, 36].

Zebrafish has emerged as an excellent vertebrate model system for studying 
blood and lymphatic development. The zebrafish is a small teleost fish, measuring 
about 3–4 cm in length and weighing about 2 g. It has the ability to regenerate 
many tissues, including the caudal (tail) fin, heart, and nervous system. Thus, this 
assay has emerged as a promising and highly reproducible model for time-effi-
cient, quantitative evaluation of angiogenesis. The main advantage of this method 
is that the zebrafish tail fin is very thin and optically transparent and comprised of 
well-defined tissues and blood vessels. The procedure involves amputation of the 
caudal fin at the mid-fin level. The amputated blood vessels start healing within 
one day postamputation. The arteries and veins then reconnect via anastomosis to 
resume blood flow at the wound sites by second day postamputation. Then, by third 
day postamputation, the network of endothelial cells in regenerated tissue form a 
vascular plexus that is extended to the fin tip. The above mentioned process is 
interrupted in the presence of antiangiogenic drugs [37].

Endothelial cell migration assay is based on the chemotactic movement of endo-
thelial cells in response to an angiogenic factor. The setup comprises of two compart-
ments separated by a membrane having an accurately defined pore size. A potential 
chemotactic factor is placed in one compartment and a gradient is allowed to develop 
across the membrane. The chemotactic factors include angiogenic paracrine factors, 
which are normally released by tumor cells during angiogenesis, such as angiogenin, 
vascular endothelial growth factor, fibroblast growth factor, and transforming growth 
factor β. These factors activate proliferation of endothelial cells; the endothelial cells 
placed in the other compartment migrate along this gradient. The number of cells that 
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have migrated through the membrane can be counted after adding the test substance. 
This test is used to determine the prevention of metastasis by the drugs or formula-
tions [38]. Table 17.4 provides a list of nano drug delivery systems that have been 
evaluated via various in vitro angiogenesis assays.

2.4  Topoisomerase Inhibition Assay

Topoisomerases are family of enzymes that are present in the nuclei of cells and 
play a key role in DNA replication, transcription, chromosome segregation, and 
recombination. There are two major forms of topoisomerases, namely, topoisom-
erase I and topoisomerase II. Topoisomerase I makes single-stranded cuts in the 

Table 17.4 Nano drug delivery systems evaluated via in vitro angiogenesis assays

No. Delivery system Outcome Assay Reference

1. Taxol-loaded microspheres 
composed of a blend of ethylene-
vinyl acetate copolymer and 
poly(d,l-lactic acid)

The taxol released 
from microspheres was 
sufficient to produce 
vascular regression and 
inhibition of 
angiogenesis

Chick 
chorioallantoic 
membrane 
assay

[39]

2. Doxorubicin encapsulated in 
stabilized immunoliposomes 
(Dox-SL) or NGR peptides that 
targets the angiogenic endothelial 
cell marker aminopeptidase N 
coupled to Dox-SL (NGR-SL) or 
nonspecific peptide-targeted 
formulation (ARA-SL)

NGR-SL inhibited 
neuroblastoma-induced 
angiogenic responses 
in the CAM assay 
model

Chick 
chorioallantoic 
membrane 
assay

[40]

3. Polymer–alendronate–taxane 
conjugate

The proliferation of 
HUVEC cells was 
inhibited by the 
conjugates

Endothelial cell 
migration assay

[41]

4. N-(2-hydroxypropyl) 
methacrylamide (HPMA) 
copolymer-
aminohexylgeldanamycin-RGDfK 
(Arg-Gly-Asp) conjugates

RGDfK-targeted 
conjugates showed a 
significantly more 
potent inhibition of 
endothelial migration 
and tube formation as 
compared to 
nontargeted polymer–
drug conjugates at the 
same dose

Endothelial cell 
migration assay

[42]

5. Paclitaxel encapsulated into cationic 
liposomes (PTX-CL) followed by 
internalization in the neutrophils 
(NE) to obtain NE-based delivery 
vehicles (PTX-CL/NEs)

PTX-CL/NEs activated 
chemotaxis in response 
to fMLP, a chemotactic 
factor

Endothelial cell 
migration assay

[43]
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torsionally stressed DNA by recognizing the torque. This causes rotation of the 
nicked stand and reanneals the strand in a more relaxed state. Topoisomerase II 
cuts both strands of a double-stranded DNA molecule, passes another portion of 
the duplex through the cut, and reseals the cut in a process that utilizes ATP. After 
the process of DNA replication is complete, the strands are paired, followed by the 
coiling of DNA. Thus, inhibition of topoisomerase is detrimental to cells due to 
inhibition of DNA replication, uncoiling of DNA for protein synthesis, and DNA 
repair. Topoisomerases I and II inhibition assays have been described in detail by 
John et al. [44].

Barret et al. investigated the topoisomerase II inhibition activity of F12512, an 
antitumor agent vectored into cancer cells via the polyamine transport system. This 
system displayed a highly potent inhibition of topoisomerase II in vitro, which was 
attributed to its DNA binding capacity via the polyamine tail [45].

2.5  Cell Cycle Analysis

A detailed account of cell cycle analysis by flow cytometry has been described by 
Piotr Pozarowski et al. The protocol describes cell cycle analysis by the measure-
ment of the DNA content using propidium iodide (PI) as the staining agent. 
Propidium iodide is a fluorogenic compound that binds stoichiometrically to DNA 
by intercalating between the base pairs. Therefore, its fluorescence emission is 
directly proportional to the DNA content of the cells. PI is a membrane imperme-
able dye which is excluded by viable cells; however, it easily permeates the dam-
aged membranes of nonviable cells. This can be quantitatively measured due to the 
virtue of PI being excited at 488 nm and showing an emission maximum at 617 nm. 
This special characteristic also provides an advantage of using it in combination 
with other fluorochromes excited at 488  nm, such as fluorescein isothiocyanate 
(FITC). The most common and widely used method for evaluating the cell cycle 
involves measurement of the DNA content by flow cytometry. During this process, 
a DNA biding fluorescent dye is added to cell suspension of permeabilized or fixed 
cells. It is essential for the cells to be in a fixed state or permeabilized state to allow 
the dye to enter into the cells, which would otherwise be actively pumped out by the 
living cells. Table 17.5 provides a list of various nano drug delivery systems that 
have been evaluated using cell cycle analysis.

2.6  Apoptosis Assays

Cell death can be classified into two types, namely, accidental cell death termed as 
“necrosis” and programmed cell death termed as “apoptosis.” Necrotic cells are 
characterized by cellular lysis, loss in membrane integrity, and acute inflammation. 
In contrast, apoptotic cells appear as small membrane-bound vesicles termed as 
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“apoptotic bodies,” which are engulfed by macrophages. Most of the anticancer 
drugs induce cell death by apoptosis.

Apoptosis is characterized by specific morphological features, such as loss of 
plasma membrane symmetry, plasma membrane blebbing, condensation of cyto-
plasm and nucleus, and cleavage of DNA. One of the earliest events in apoptosis is 
plasma membrane asymmetry due to translocation of membrane phospholipid 
phosphatidyl serine (PS) from the inner leaflet to the outer leaflet of plasma mem-
brane. This translocation exposes PS to the external cellular environment. Annexin 
V is a Ca2+-dependent phospholipid-binding protein, having molecular weight of 
35–36 kDa, with a high affinity for PS. This protein binds to the exposed apoptotic 
cellular surface. Thus, conjugation of annexin V with fluorochromes, such as FITC, 
can be used for the determination of early apoptosis. Late apoptotic cells are char-
acterized by the loss of membrane integrity and increased permeability to dyes such 
as propidium iodide. In conjunction with propidium iodide, this assay can be used 
for distinguishing between cells undergoing early and late apoptosis. Cells with 

Table 17.5 Nano drug delivery systems evaluated using cell cycle analysis

No. Delivery system Cells Outcomes Reference

1. Chitosan-coated 
doxorubicin 
nanoparticles

Liver cancer cells 
(HepG2 cells)

Chitosan-coated 
doxorubicin nanoparticles 
arrested the cells in G2/M 
phase, which was 
correlated with 
upregulation of p53

[46]

2. Paclitaxel-loaded 
chitosan and 
polyethylene glycol-
coated PLGA (PLGA–
CS–PEG) nanoparticles

Human retinoblastoma 
cell line (Y79 and 
WERI-Rb-1), breast 
cancer cell line (MCF 
7), and pancreatic cell 
line (MIA PaCa-2)

PLGA–CS–PEG induced 
arrest of greater fraction of 
cells in G2/M phase than 
plain paclitaxel

[47]

3. pH-responsive 
nanocarriers for delivery 
of ursolic acid (UA)

Liver cancer cells 
(HeLa, HepG2 cells)

Free UA and nanodrugs of 
ursolic acid blocked cell 
cycle progression in the 
G0/G1 phase and the G2/M 
phase

[48]

4. Nitrocamptothecin, a 
topoisomerase I 
inhibitor, loaded into 
liposomes

HepG2, Bel-7402, 
Hep3B, and L02 cells

A delay in the S phase was 
observed after exposure to 
liposomes for 24 h, while a 
delay in G2/M phase was 
observed after exposure to 
the liposomes for 72 h in 
all the test cell lines

[49]

5. Nanodiamonds 
covalently linked to 
paclitaxel

Lung cancer cells 
(A459 cells)

Nanodiamond–paclitaxel 
dramatically decreased the 
fraction of cells in G1/G0 
phase and increased the 
fraction of cells in G2/M 
phase in A549 cells

[22]
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intact membrane will exclude PI, whereas dead and damaged cells will be perme-
able to PI. Therefore, viable cells will be both annexin V and PI negative, early 
apoptotic cells will be annexin V positive and PI negative, whereas late apoptotic 
cells will be both annexin V and PI positive [50].

Mitochondrial permeabilization and subsequent caspase activation are the other 
important steps in the process of apoptosis. In contrast, necrotic cell death lacks 
caspase activation, thus making caspase a more selective marker for determination 
of apoptotic cell death. Caspase activity can be determined using a “fluorescence 
imaging reporter” that detects caspase-3 activity by Förster resonance energy trans-
fer (FRET). FRET occurs across very short distances between donor and acceptor 
fluorophores that overlap in their emission and absorption spectra. FRET-compatible 
green fluorescent protein (GFP) variants that have been fused with short peptide 
linkers containing caspase cleavage sites can be used to measure the caspase activ-
ity. In the intact probes, the donor and acceptor fluorophores are in proximity and 
FRET is highly efficient. Upon caspase activation, proteolysis of the linker occurs 
and the donor gets separated from the acceptor. This results in a disruption of reso-
nance energy transfer and an increase in donor fluorescence quantum yield. Several 
highly sensitive FRET probes, based on the cyan fluorescent protein–yellow fluo-
rescent protein (CFP-YFP) pair, or improved variants thereof have been developed 
to detect intracellular caspase activities. The measurement of caspase activity has 
been described in detail by Markus Rehm et  al. [51]. Table 17.6 lists nano drug 
delivery systems evaluated for their apoptotic potential.

3  In Vivo Models for Evaluating Anticancer Action

The introduction of mouse models for preclinical evaluation of anticancer therapeu-
tics was based on the need to simultaneously screen a plethora of chemicals identi-
fied as potential anticancer agents. This led to the development of the tumor models 
for high-throughput screening which employed serially propagated tumor cells in 
syngeneic hosts [56, 61]. Over the years, the tumor models have undergone evolu-
tion to recapitulate a number of stages in cancer progression, that is, from its initia-
tion to its progression to aggressive tumors and to metastasis [56, 57].

The various types of human–mouse xenograft models that are used for screening 
anticancer therapeutics include the following:

• Ectopic tumor xenograft
• Orthotopic tumor xenograft
• Metastatic cancer model
• Patient-derived tumor xenograft model
• Germline transgenic and conditional transgenic models (GEMMs)

Xenograft Mouse Models
Xenograft mouse models are the most widely used animal models for the preclinical 
evaluation of anticancer therapeutics. These are used to assess the tumor develop-
ment, tumor growth rate, malignant transformation, invasion, and metastasis [58].
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Xenograft models can be differentiated according to the source-implanted mate-
rial into:

• Cell line-derived xenograft model: The implantation material is of cell line 
origin.

• Patient-derived xenograft: The implantation material is directly obtained from 
cancer patients in the form of tumor tissues or cells [58].

3.1  Cell Line–Derived Xenograft Model

The cell line-derived xenograft model employs cell lines derived from human and 
animal cancer tissues.

Table 17.6 Nano drug delivery systems evaluated for their apoptotic activity

No. Delivery system Cells Outcomes Reference

1. Nitrocamptothecin, a 
topoisomerase I inhibitor, 
loaded into liposomes

Liver cancer cells 
(HepG2, Bel-7402, 
Hep3B, and L02 
cells)

Apoptosis was induced in 
dose-dependent manner 
in all cell lines. Hep3B 
cells were less sensitive, 
whereas HepG2 cells 
were more sensitive to 
apoptosis

[49]

2. Alginate nanoparticles with 
methylene blue (a 
P-glycoprotein inhibitor) for 
delivery of doxorubicin

Drug-resistant 
tumor cells (NCI/
ADR-RES)

Methylene blue 
doxorubicin 
nanoparticles resulted in 
a significant increase in 
the fraction of apoptotic 
and necrotic cells at the 
end of 12 h

[52]

3. Paclitaxel (PTX) conjugated 
to folate-modified adenovirus 
(Ad) nanoparticles using 
succinic anhydride and 
Fmoc-Glu (OtBu)eOH as 
linkers

Breast cancer cell 
line 
(MDA-MB-231)

Paclitaxel-containing 
drug delivery system 
induced apoptosis and 
greatly enhanced the 
antitumor activity at low 
dose of paclitaxel

[53]

4. PVP-coated silver 
nanoparticles and silver ions

Human monocytic 
cell line (THP-1 
monocytes)

There was a significant 
reduction in the 
percentage of viable cells 
after 24 h of treatment 
with PVP-coated silver 
nanoparticles or silver 
ions

[54]

5. Magnetic Fe3O4 nanoparticles 
coencapsulated with 
doxorubicin into 
biodegradable PLGA 
nanocarriers

LLC cells The percentage of 
apoptotic cells was 
higher in the 
nanoparticle–doxorubicin 
system (80%) as 
compared to free 
doxorubicin (29%)

[55]
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3.1.1  Ectopic Tumor Xenograft Model

Ectopic tumor xenograft model includes subcutaneous injection of established 
human or murine tumor cells from cell cultures, generally under the skin of the hind 
legs (flanks) or back. With human cancer cell lines, the reproducible take rate of the 
xenograft model is over 90% [59].

The ectopic xenograft implantation into syngeneic (genetically identical) and 
immunocompromised rodents is used to quantitatively monitor the tumorigenicity 
and tumor growth reproducibility during early screening of novel agents. This 
model is cost- and time-effective, with modest throughput capacity, which is feasi-
ble with a variety of cell lines. It is also valuable in studying the effect of immune 
responses in an immunocompetent host [4, 59]. Table 17.7 presents a list of nano-
systems evaluated in ectopic tumor models.

3.1.2  Orthotopic Tumor Xenograft

Orthotopic xenograft model is an alternative in vivo cancer model which involves 
injecting or implanting cell lines or patient-derived tumor cells at the site of cancer 
origin. The orthotopic xenograft model provides a similar microenvironment to the 
cancer cells resembling the tumor cell phenotype. This includes the tumor–stromal 
microenvironment-based interactions important for tumor growth and metastasis, 
thus complimenting the natural tumorigenesis [4]. The orthotopic model has been 
therefore reported to result in a much higher metastatic rate as compared to the 
ectopic model as it recapitulates the pathological phenotype more closely to the 
human clinical course of metastatic disease [4]. Furthermore, the effect of immune 
response on tumorigenesis can also be studied by using immunocompetent hosts.

The orthotopic xenograft model can be utilized effectively to evaluate the tumor 
growth inhibition versus tumor regression in context of survival of tumor-bearing 
animals. It is usually employed for mid- to later stages of drug discovery screening, 
evaluation of antitumor efficacy against primary tumors and metastases, and 
acquired chemotherapy resistance [4, 59, 64]. Table 17.8 enlists the examples of 
nanosystems evaluated in orthotopic xenograft model.

3.1.3  Metastatic Cancer Model

Cancer metastasis is a stage of tumor progression caused due to the spread of can-
cerous cells from the primary tumor to develop a secondary tumor in a distant organ. 
This stage is characterized by genetic and proteomic changes in the cells as they 
transform in situ into the hyperplastic state, the carcinoma, through dysplasia, and 
ultimately to the invasive and metastatic stage.

Metastasis is a highly complex, multistep process encompassing mechanisms 
causing deregulation of interacting proteins and genes, leading to tumor cell inva-
sion, intravasation, transmission through circulation, circumvention of the immune 
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attack, extravasation, and growth at the secondary site [69]. The prerequisite of 
metastasizing cells is the epithelial to mesenchymal transition (EMT), which involves 
a switch in the gene expression profiles leading to cells with higher motility and 
invasiveness. The stage of metastasis, which can be studied in a particular model, 
depends on the mode of delivery of cells into the murine hosts. Experimental meta-
static mouse models involve direct intravascular injection of tumor cells into the 
circulation of mice and monitoring the formation of metastatic tumors [70, 71].

Table 17.7 Nano drug delivery systems evaluated in ectopic xenograft tumor models

No. Nano system Animal model Outcome Reference

1. pH-sensitive (EGFR) 
targeting 
immunoliposomes 
(PSL) encapsulating 
gemcitabine for 
epidermal growth 
factor receptor

Subcutaneous (S.C.) 
implantation of a human 
non–small cell lung 
cancer cell line (A549 
cells; 8 × 106–1 × 107 
cells) in hind flank 
region of BALB/c-nu/
nu mouse

Ab-PSLs with gemcitabine 
showed significant 
antitumor efficacy with a 
higher regression of the 
established tumors in nude 
mouse models

[60]

2. Albumin-bound 
paclitaxel nanoparticle 
nab-PTX, also called 
Abraxane®

S.C. implantation of 
C26 murine colon 
cancer (2 × 106) in back 
of C57BL6 mice

nab-PTX therapy combined 
with S-nitrosated human 
serum albumin dimer 
(SNO-HSA dimer) 
enhanced tumor selectivity 
of nab-PTX and attenuated 
myelosuppression

[61]

3. Albumin-bound 
paclitaxel nanoparticle 
nab-PTX, also called 
Abraxane®

S.C. implantation of 
B16 murine melanoma 
cells (2 × 106) in the 
back of BALB/c mice

nab-PTX therapy combined 
with SNO-HAS dimer 
augmented the tumor 
growth inhibition of 
nab-PTX in low vascular 
permeability B16 murine 
melanoma subcutaneous 
model

[61]

4. Nanopolymeric 
micelles (lodamin): 
TNP 470 conjugated to 
monomethoxy-
polyethylene glycol–
polylactic acid

S.C. implantation of 
murine LLC cells, B16/
F10 melanoma cells 
(1 × 106) in the 
C57Bl/6 J mice. Effect 
of lodamin compared to 
free TNP 470

Lodamin was successful in 
significantly inhibiting the 
tumor growth without 
causing neurological 
impairment in tumor-
bearing mice

[62]

5. Folate-targeted ursolic 
acid stealth liposome 
(FTL-UA)

S.C. inoculation of 
human oral cancer KB 
cell line (3.6 × 106) in 
right hind flank of 
Balb/c nu/nu mouse. 
Treatment includes 
FTL-UA, nontargeted 
PEGylated liposome 
(PL-UA) and free UA

FTL-UA showed 
significantly higher 
inhibition of human 
epidermoid carcinoma 
(KB) in Balb/c nu/nu mice 
compared to PL-UA or free 
UA. The results indicated 
the great potential of 
FTL-UA against KB tumor

[63]
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Table 17.8 Nano drug delivery systems evaluated in orthotopic xenograft model

No. Nano system Animal model Outcome Reference

1. Albumin-bound paclitaxel 
nanoparticle (nab-PTX, 
also called Abraxane®)

Orthotopic pancreatic 
cancer model was 
achieved by 
implanting 1 × 105 
SUIT2-GLuc human 
pancreatic cancer cells 
in pancreas of 
BALB/c nu/nu mice

nab-PTX therapy 
combined with 
S-nitrosated human 
serum albumin dimer 
(SNO-HSA dimer) 
exhibited greater 
antitumor activity and 
improved survival rate in 
the SUIT2 human 
pancreatic cancer 
orthotopic model

[62]

2. Poly(lactic-co-glycolic 
acid)-based curcumin 
nanoparticle formulation 
(nano-CUR)

CaSki cervical cancer 
cells (4 × 106 cells/per 
mouse) were injected 
directly into the cervix 
of the NOD SCID 
gamma (NSG) mice

Nano-CUR effectively 
reduced the tumor burden 
and reduced the 
expression of E6/E7 
HPV oncoproteins.

[65]

3. “Cellax”: conjugate of 
docetaxel (DTX) and an 
acetylated and PEGylated 
carboxymethylcellulose 
polymer

Two orthotopic breast 
cancer models 
involving injection of 
mouse 4 T1 breast 
cancer cells in Balb/c 
mice and human 
MDA-MB-231 breast 
cancer cell line in 
NOD SCID mice

Cellax was reported to 
target tumor stroma and 
achieved better efficacy 
than docetaxel and 
Abraxane

[66]

4. Curcumin–cyclodextrin 
(CD) complexes

100 μL of suspension 
containing 2 × 106 
cells of murine Lewis 
lung carcinoma cells 
(LLC) inoculated 
orthotopically in 
C57Bl/6 mice

Only <45% of animals 
treated with curcumin–
CD complexes and 
gemcitabine developed 
lung tumors and 
displayed reduction in 
the size of lung tumors

[67]

5. Lipopepsomes: tumor-
targeted delivery of 
doxorubicin hydrochloride

Orthotopic injection 
of 5 × 106 
bioluminescent 
A549-Luc lung cancer 
cells suspended in 
100 μL of PBS/
Matrigel (4/1, v/v) 
into the left lung 
parenchyma of Balb/c 
mice

cRGD-decorated 
lipopepsomes of 
doxorubicin (cRGD-
LPP-Dox) exhibited 
markedly enhanced 
toleration and tumor 
accumulation than 
liposomal doxorubicin. 
They effectively 
suppressed the orthotopic 
lung tumor which 
resulted in significantly 
improved survival rate

[68]
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Currently, two broad approaches are described to develop metastatic cancer 
models, which are as follows:

 A. Transplant models

 (i) Spontaneous metastatic mouse model
 (ii) Experimental metastatic mouse model

 B. Genetically engineered mouse models (GEMMs)

 A. Transplant models
The transplantation models are established by transplanting or inoculating 

the human or mouse tumor cells/tissues into the hosts. The mode of delivery 
dictates the stages of metastasis that can be assessed. It is a basic model to inves-
tigate the mechanisms and therapeutic interventions for various stages of the 
invasion–metastasis cascade [72].

 (i) Spontaneous metastatic mouse model
Spontaneous metastatic mouse model involves the inoculation of cells 

into an ectopic or orthotopic site to develop a primary tumor which can sub-
sequently metastasize. It assesses the ability of cells to disseminate from a 
primary tumor to generate a secondary tumor. Therefore, this model has 
been exploited to study the early as well as late stages of metastasis [70]. It 
is also possible to simultaneously evaluate the function of any carcinogenic 
gene on the tumor growth and metastasis by the use of inhibitors or genetic 
manipulation [70]. In some cases, there is a longer latency, lower predict-
ability of the pattern of dissemination, and lower overall incidence of metas-
tasis. Tumor resection approach is required to allow proper development of 
metastases, for example, in melanoma and mammary tumors [71].

 (ii) Experimental metastasis
The site of colonization of the tumors in the experimental metastasis 

model depends on the site of vascular injection. The cells once transplanted 
bypass the processes involving formation of primary tumors and early stages 
of metastasis. The site of injection determines the metastatic potential and 
consequently the outcome. The natural/common metastatic distribution of 
the test tumor cells should be taken into consideration while determining the 
site of transplantation [70]. The sites for injection may be the lateral tail vein 
injection for lung metastases [71], intraportal injection for liver metastases 
[73–75], intracarotid injection for brain metastases [76], intracardiac injec-
tion for wider spread of cells when metastasis is observed in liver, ovary, 
adrenal glands, brain, and bone [70] and also commonly used for brain and 
bone metastasis [71], intraperitoneal injection for local dissemination for 
ovarian cancer [71], and intrasplenic injection of colon cancer cells for meta-
static development within the liver [71].

Experimental metastasis models are rapid and are more reproducible. 
They are therefore widely utilized for testing therapies targeting the late stage 
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metastasis. These are frequently employed to model metastatic dissemination 
to sites that take longer to develop tumors, such as the central nervous system 
(CNS) metastases. They are particularly attractive models to investigate 
human tumor lines with limited metastatic potential from orthotopic sites 
[70–72]. Table  17.9 enlists the examples of nanosystems evaluated using 
spontaneous and metastatic models.

Table 17.9 Nano drug delivery systems evaluated in spontaneous and experimental metastatic 
models

No. Nano system Animal model Outcome Reference

1. Nanopolymeric micelles: TNP 
470 (lodamin) conjugated with 
monomethoxy-polyethylene 
glycol–polylactic acid

Liver metastasis 
generated by 
inoculating 5 × 105, 
50 μL murine B16/
F10 melanoma cells 
via spleen injection 
in C57Bl/6 J mice

TNP 470 micelles 
show selective uptake 
by tumors retaining 
antiangiogenic 
potential and prevents 
liver metastasis

[62]

2. “Cellax”: conjugate of docetaxel 
(DTX) and an acetylated and 
PEGylated 
carboxymethylcellulose polymer

Inoculation of 
mouse 4 T1 breast 
cancer cell line 
(1 × 106 cells/50 μL 
media) into the fat 
pad in BALB/c mice

Cellax treatment-
controlled metastases. 
It reduced the 
incidence of lung 
metastasis to 40%

[76]

3. Nanoformulated liposome 
encapsulating all transretinoic 
acid (ATRA) using a 
phospholipid 1,2-distearoyl-sn-
glycero-3-phosphocholine 
(DSPC) and cholesterol (DSPC 
lipo-ATRA) for targeting 
receptor and tumor suppressor 
RAR-β in the lung

Induction of lung 
metastasis using 
B16F10 melanoma 
cells (1 × 106 cells 
in 1 mL) in 
C57BL/6 mice via 
tail vein. The effects 
are compared with 
free ATRA

Lipo-ATRA treatment 
exhibited significant 
induction compared to 
free ATRA treatment 
indicating DSPC 
liposome might be 
suitable as a targeted 
delivery system for 
ATRA in the 
treatment of lung 
cancer

[77]

4. Long-circulating, sterically 
stabilized (Stealth) 
immunoliposomes (SIL) of 
vincristine (VCR) and 
doxorubicin (DXR) for targeting 
anti-CD19 or its Fab’ fragment

Tail vein injection of 
human Burkitt’s 
lymphoma cell line 
Namalwa cells 
(5 × 106 in 0.2 mL 
PBS) in SCID mice

SIL[CD19] or 
SIL[Fab] had higher 
association and 
cytotoxicity against 
the Namalwa cells 
than the nontargeted 
liposomes

[78]

5. SP141FcNP: specific murine 
double minute 2 (MDM2) 
oncogene inhibitor (SP141) IgG 
Fc-conjugated maleimidyl-
poly(ethylene glycol)-co-poly(ε-
caprolactone) (Mal-PEG-PCL) 
nanoparticles

Human breast 
cancer cell lines 
MDA-MB-231 cells 
(1 × 106 in 20 μL) 
implanted into the 
second thoracic 
mammary fat pad of 
athymic nude mice

SP141FcNP was 
found to exert 
enhanced inhibitory 
effects on tumor 
growth and metastasis 
without any toxicity 
toward the host

[79]
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3.2  Patient-Derived Xenograft Models (PDX)

Patient-derived xenograft model as the name suggests directly utilizes the fresh/
cryopreserved human tumor tissue or cancerous cells from patients. These tissue/
cells are engrafted into a secondary recipient host, such as immunodeficient mice or 
rat, either subcutaneously or orthotopically [80, 81]. The orthotopically implanted 
tissue or cell models are called as patient-derived orthotopic xenograft (PDOX) 
models [82].

PDX exhibits biologically stable tumor architecture, drug responsiveness, muta-
tional status, and global gene expression patterns [83]. It provides an advanced pre-
clinical model as it closely represents the human condition as compared to the other 
xenograft models or in vitro models. It recapitulates the heterogeneity of the patient 
tumors [83]. It provides a tumor microenvironment that is similar to the human situ-
ation, which helps in mimicking growth and metastasis. PDX acts as representative 
of individual tumors and has the ability to sufficiently mimic the patient drug 
response [80]. Table 17.10 enlists the examples of nanosystems evaluated in patient-
derived xenograft models.

Table 17.10 Nano drug delivery systems evaluated in patient-derived xenograft models

No. Nano system Animal model Outcome Reference

1. N-hydroxy-N′-(4-
butyl-2 methylphenyl) 
formamidine 
(HET0016) with 
2-hydroxypropyl beta 
cyclodextrin (HPßCD)

Human glioma U251 cells 
(400 k in 5 μL) were 
implanted orthotopically 
at 3 mm to the right and 
1 mm anterior to bregma 
in nude rats (RNU nu/nu) 
to develop animal model 
of human and syngeneic 
glioblastoma (GBM)

HPßCD-HET0016 was 
found to be effective in 
inhibiting tumor growth 
by decreasing proliferation 
and neovascularization. It 
also significantly 
prolonged the animal 
survival

[84]

2. Theranostic 
nanoporphyrins, 
PLZ4-nanoporphyrin 
(PNP) PLZ4, bladder 
cancer-specific ligand

Three different PDX 
models with BL269, 
BL440, BL645, and 
BL293 were injected S.C. 
in the flank or into 
bladder wall NOD SCID 
gamma (NSG) mice
For local diagnosis, PNPs 
were administered 
intravesically

PNP eliminated orthotopic 
PDX bladder cancer after 
intravesical treatment and 
photodynamic therapy was 
significantly more potent 
than 5-aminolevulinic acid

[85]

3. Daunorubicin-
containing disulfide 
cross-linked C-type 46 
lectin-like molecule-1 
(CLL1)-targeting 
nanomicelles 
(DC-CTM-DNR)

Acute myeloid leukemia 
(AML) patient-derived 
xenograft model was 
achieved by transplanting 
patient AML samples into 
immunodeficient NSG 
(NOD-Scid-IL2Rgcnull) 
mice

DC-CTM-DNR-treatment 
showed significantly 
reduced AML engraftment 
as compared to the groups 
treated with free DNR

[86]

(continued)
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3.3  Germline Transgenic and Conditional Transgenic Models/
Genetically Engineered Mouse Models

Genetically modified or engineered mouse models are one of the recent most com-
monly used approaches to model human cancer studies. These models could be 
conceptualized due to the rapid advances in mouse and human genomics and devel-
opment of sophisticated tools for manipulation of the mouse genome and gene tar-
geting [89].

GEMMs are generated by either activating the oncogenes or inactivating the 
tumor suppressor genes (or both) in  vivo via transgenic and gene-targeting 
approaches, such as knockouts and knockins [2]. The knockout or conditional 
knockout alleles are employed to study the loss of functions, while the transgenic, 
conditional transgenic, and knockin approaches are utilized to understand the gain 
of functions. Genetically modified mice are developed by microinjecting DNA in 
the pronuclei of fertilized zygotes and integrating the transgene into the genome [2]. 
These cancer-prone mouse strains can help to understand the role of individual 
genes and their mutated counterparts during tumorigenesis, as well as the coopera-
tion of individual mutations during tumor development [90].

GEMMs present the phenotypic, histological, biochemical, proteomic, and 
genetic features specific to primary cancers. Thus, they mimic cancer initiating and 
promoting mutations. Tumor development is often similar to that of human cancer 
and is spontaneous [91]. GEMMs developed in immunocompetent animals can help 
to understand the influence of immune system during tumor development, growth, 
and invasion. GEMMs play an important role in deciphering the effect of gene func-
tions on the development of anticancer therapeutics [91].

No. Nano system Animal model Outcome Reference

4. Cabazitaxel-loaded 
poly(2-ethylbutyl 
cyanoacrylate) 
nanoparticles

Basal-like breast cancer 
patient-derived xenograft 
model was achieved by 
implanting 1–2 mm3 
pieces of healthy tumor 
tissue specimen 
(MAS98.12) bilaterally 
into the mammary fat pad 
of female athymic mice

Cabazitaxel NPs had a 
much better efficacy than 
the similar concentrations 
of free drug in basal-like 
patient-derived xenografts 
with complete remission 
of six of eight tumors

[87]

5. IRAK1/4 inhibitor and 
ABT-737 
coencapsulated into 
polyethylene 
glycol-modified 
poly(lactic-co-glycolic 
acid) nanoparticles 
(IRAK/ABT-NP)

Human cell line xenograft 
T-ALL mouse model was 
achieved by injecting 
human T-cell leukemia 
cell line (Jurkat cells) 
(3 × 106) intravenously 
into female NPG mice

IRAK/ABT-NP exhibited 
greater cytotoxicity 
toward T-ALL cells, also 
significantly restored 
white blood cell number 
in peripheral blood and 
improved survival time of 
T-ALL mice

[88]

Table 17.10 (continued)
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4  In Vitro Models for Evaluation of Anti-infective Agents

The potency and efficacy of a chemotherapeutic agent directed against intracellular 
infectious disease is largely governed by two factors, namely, the penetration of the 
drug inside the cells and its ability to reach the infected subcellular compartments 
to produce the desired therapeutic effect [92]. In vitro PK/PD modeling and simula-
tion serve as vital tools during the drug development process. The pharmacody-
namic effect of an anti-infective agent can be evaluated by measuring the bacterial 
growth and death following its administration. This is relatively difficult to quantify 
in human and animals; therefore, in vitro systems play a crucial role in understand-
ing the concentration–effect relationship of the anti-infective agents. These allow 
direct interaction between the drug and bacteria, which enables high-throughput 
screening of the candidate compounds and enables determination of effective drug 
concentrations, which can be tested using in vivo animal models. Similarly, in vitro 
cell-based systems can be used for the evaluation of pharmacokinetic parameters, 
such as intracellular accumulation and release, as well as subcellular localization of 
the test agents [93]. Although in  vitro PK/PD models cannot incorporate all the 
aspects observed in in vivo physiological systems, they are valuable because they 
assist in arriving at critical information regarding the safety and efficacy of anti-
infective molecules for further preclinical and clinical studies [94].

Determination of minimum inhibitory concentration (MIC) is the primary evalu-
ation criteria for any drug or formulation, which aims at anti-infective effect. The 
test utilizes liquid growth medium containing increasing concentrations, usually 
two-fold dilution series, of the test agent. The above mentioned mixture is incubated 
with a specific number of bacterial cells. If the total test volume is ≥2 mL, then the 
method is termed as “macrodilution.” When the test is performed in microtiter 
plates with volume ≤ 500 μL, it is referred as microdilution technique. After incuba-
tion, the optical density is measured which is directly proportional to the growth of 
organism. The MIC is defined as the lowest concentration of the test agent that 
prevents the visible growth of the microorganism. Thus, lower the MIC, more is the 
potency of the test agent. Microdilution technique allows rapid screening of the 
anti-infective potential of the test agents [95, 96].

Time kill assays determine the rate of anti-infective activity, employing varying 
concentrations of the test agent, over specific time period. The time points used in 
this assay depend on the pharmacokinetic literature available for the drug to be 
tested. This assay also provides information regarding the bacteriostatic or bacteri-
cidal activity of the test agent. The postantibiotic effect provides information about 
the duration of action of the test agent after it has been removed from the culture 
[97]. The clinical significance of these tests is that a test agent that produces a long 
postantibiotic effect may require larger dosing intervals and less dosing frequency 
clinically, thus reducing the adverse effects, as well as the cost-associated limita-
tion of the anti-infective therapies [98]. Table  17.11 provides the drug delivery 
systems evaluated for anti-infective activity using MIC, time kill assay, and post-
antibiotic effect.
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4.1  In Vitro Cellular Uptake and Release of Targeted Drug 
Delivery Systems

The cellular uptake and release of targeted drug delivery systems can be determined 
using semi-quantitative or quantitative techniques. In both the techniques, cells of 
interest are cultured in T-25 or T-75 flask, in an appropriate medium, and in an 

Table 17.11 Drug delivery systems evaluated for anti-infective activity using MIC, time kill 
assay, and postantibiotic effect

No. Formulation Organism Outcomes Reference

1. Liposomal antibiotic 
formulation composed of 
1,2-distearoyl-sn-
glycero-3-
phosphocholine and 
cholesterol with either 
gentamicin, tobramycin, 
or amikacin

Burkholderia 
cenocepacia

MIC of liposomal antibiotics 
was significantly lower than 
those of free drugs; time kill 
assay showed that the 
liposomal antibiotic 
formulations reduced killing 
doses of tobramycin and 
gentamicin compared with 
free drugs

[99]

2. Liposome-encapsulated 
gentamicin

Pseudomonas 
aeruginosa

The MICs for liposomal 
gentamicin were significantly 
lower (32 mg/L) than those of 
corresponding free gentamicin 
(512 mg/L). The time kill 
values for liposomal 
gentamicin were either 
equivalent to or better than 
those of the free antibiotic

[100]

3. Cationic and anionic 
liposomal meropenem 
formulations

P. aeruginosa The MICs of cationic 
liposomal meropenem 
formulations were 2–4 times 
lower than free meropenem

[101]

4. Ticarcillin-loaded 
nanoliposomes having 
positive, negative, and 
neutral surface charges

P. aeruginosa The MICs of ticarcillin 
cationic nanoliposomes 
(3 mg/L) and neutral 
nanoliposomes (6 mg/L) were 
lower than free drug 
(24 mg/L). Time kill studies 
showed that the killing rates of 
cationic nanoliposomes were 
higher as compared to other 
drug forms

[102]

5. Azithromycin-loaded 
nanospheres

Escherichia coli, 
Haemophilus 
influenzae, 
Staphylococcus 
aureus, S. 
pneumoniae

The MIC values of 
azithromycin loaded 
nanospheres were eight times 
lower than the free drug

[103]
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atmosphere comprising of 5% CO2 and 95% air at 37 °C. After being cultured in 
T-25 or T-75 flask, the cells are transferred in a 96-well plate and allowed to grow 
for 48 h.

Measurement of cellular uptake by quantitative techniques is conducted by 
growing the cells and incubating them for a desired period with free drug, delivery 
system without the drug, drug delivery system using at least five different drug 
concentrations. After incubation, the medium is removed and cells are washed 
thrice with PBS to remove any traces of free drug, delivery system without the 
drug, drug delivery systems that have not been internalized by the cells. Cells are 
then lyzed using 0.5% Triton X-100 in 0.2 N NaOH. The amount of drug present 
in each well is determined by HPLC, LC-MS, GC, etc., depending on physio-
chemical properties of the drug.

Fluorescence microscopy and flow cytometry are also used to measure the cel-
lular uptake of the drug. The choice of the technique depends on the intended use. 
Flow cytometry is relatively more expensive as compared to microscopic evalua-
tion. Therefore, fluorescence microscopy is recommended for routine screening 
purposes, while flow cytometry may be used for more advanced applications. Both 
the techniques involve conjugating the free drug or the drug delivery system with a 
fluorescent probe.

5  Competitive Inhibition Assay to Determine Receptor-
Mediated Uptake of the Targeted Drug Delivery System

This assay is the most commonly used method to determine specificity and recep-
tor-mediated endocytosis of the targeted drug delivery system. The general proce-
dure is to competitively inhibit the receptor-mediated uptake of the targeted drug 
delivery system by the addition of an excess of free endogenous ligand for the 
receptor. The uptake of targeted drug delivery system will decrease proportionally 
with an increase in the concentration of the free endogenous ligand, establishing the 
specificity of targeted drug delivery system toward the receptor. Table  17.12 
describes list of receptors along with their free endogenous ligands.

Table 17.12 Receptors and their free endogenous ligands

Receptor Free endogenous ligand Reference

Folate receptor Folic acid [104]
Asialoglycoprotein receptor Lactose (1 μg/ml), galactose [105, 106]
Mannose receptor Mannose (10, 20, and 50 mM) [107]
Transferrin receptor Transferrin [108]
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6  Receptor Uptake Mechanism by Inhibitors for Various 
Uptake Pathways

Endocytosis is a fundamental feature of living cells which involves formation and 
inward cytosolic movement of plasma membrane vesicles to transport extracellular 
material and plasma membrane inside the cell [109, 110].

Endocytosis is generally classified into phagocytosis and pinocytosis. Pinocytosis 
is further classified into macropinocytosis, caveolae-mediated endocytosis, clathrin-
mediated endocytosis, and clathrin- and caveolin-independent endocytosis. 
Considering from the therapeutic point of view, endocytosis provides a means to 
actively transport compounds which are usually unable to be uptake by passive diffu-
sion. It serves as an ideal mechanism for delivery of nanomedicines and is exploited 
for improving selectivity [111]. Careful adjustment of the physicochemical properties 
of NPs to optimize cellular targeting, uptake, and trafficking is an important task.

Evaluation of nanoparticles for biomedical application includes quantitative 
and qualitative studies on the cellular uptake of nanoparticles with respect to their 
size and shape. This is important to assess uptake kinetics, toxicity, and for 
designing multifunctional NPs [112]. Identifying uptake pathways also consti-
tutes an important study. This can be evaluated by means of selective inhibition 
by pharmacological inhibitors, molecular probes, and organelle-specific dyes. 
Quantitative assessment of cellular uptake is generally carried out by labeling of 
NPs with fluorescent dyes or radioisotopes [113, 114].

6.1  Pharmacological Inhibitors

Pharmacological inhibitors for specific endocytic pathways are used to block that 
receptor/pathway in order to confirm its involvement in uptake of transporting carri-
ers. They provide a simple, reliable, time, labor efficient, and affordable tool to ana-
lyze endocytosis both in vitro and in vivo. During analysis, inhibitors equally affect 
all cells in a population and can be easily titrated and quantified. As the cells are 
usually exposed to inhibitors over a short period of time it does not lead to develop-
ment of delayed side effects or compensatory mechanisms. This makes pharmaco-
logical inhibitors the method of choice for in vivo studies as it provides a means for 
direct probing of endocytosis in living cells [109, 114]. The pharmacological inhibi-
tors can be used along with molecular probes to confirm the endocytic mechanisms 
and intracellular fate of the nanoparticles and achieve a more convincing result. 
However, use of pharmacological inhibitors suffers from certain drawbacks with 
regard to their poor specificity. All endocytic pathways being energy-dependent pro-
cesses can be inhibited by low temperature and ATPase inhibitors (like sodium azide) 
at the same time [109, 114]. Table  17.13 enlists commonly utilized inhibitors to 
study endocytosis pathways.
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6.2  Molecular Probes

Molecular probes are specific markers which label the NPs to assess their intracel-
lular fate. The labeled NPs, when inside the intracellular compartments or organ-
elles, can be evaluated by confocal imaging [114, 115]. The markers which are 
known to be internalized through specific endocytic pathway can be utilized in 
studying endocytic uptake.

Colocalization can be detected by certain organelle-specific dyes. LysoTracker is 
a widely used dye utilized for evaluating colocalization of labeled NPs with lyso-
somes by confocal microscopy [116].

6.3  Genetic Approaches

Genetic approaches dealing with altering the expression of specific proteins involved 
in a specific endocytosis pathway have been employed recently to avoid the non-
specificity of pharmacological inhibitors. These include the use of knockout cell 
lines to exclude or verify specific endocytic pathways for nanoparticles [110, 114]. 
Table 17.14 enlists some examples of nanosystems evaluated using pharmacologi-
cal inhibitors.

Table 17.13 Commonly used endocytic inhibitors for endocytosis pathways

No. Endocytosis pathways Inhibitors

1. Clathrin-mediated 
endocytosis

(i) Hypertonic sucrose (0.4–0.5 M)
(ii) Potassium depletion
(iii) Cytosolic acidification with 10–30 mM NH4Cl/acetic or 
succinic acids
(iv) Chlorpromazine (50–100 μM)
(v) Monodansylcadaverine (MDC)
(vi) Phenylarsine oxide (1–20 μM)

2. Lipid raft/caveolae-
mediated endocytosis

(i) Statins 10–100 μM of lovastatin, simvastatin, and pravastatin
(ii) Methyl-β-cyclodextrin (MβCD) 5–10 mM
(iii) Filipin (∼1 μM)
(iv) Nystatin (20–50 μM)
(v) Cholesterol oxidase

3. Macropinocytosis and 
phagocytosis

(i) Sodium–proton exchange inhibitors: amiloride and its 
derivatives 5-(N-ethyl-N-isopropyl) amiloride (EIPA) and 
dimethyl amiloride (DMA)
(ii) F-Actin-depolymerizing drugs: cytochalasin D and 
latrunculins
(iii) Phosphoinositide metabolism inhibitors: wortmannin 
(100–200 nM)
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7  In Vivo Studies for Evaluating Anti-Infective Effect

7.1  Primary Rodent Infection Models

An animal infection model is imperative to address the complex relationship 
between the drug, host, and pathogen in question. The goal of animal model is to 
closely recapitulate the infectious disease seen in human, including the virulence 
and resistance, and to allow for robust PK/PD evaluation. The animal model should 
be successful in determining the optimal drug exposures that could ultimately lead 
to therapeutic success. A number of variables are needed to be taken into 

Table 17.14 Nanosystems evaluated using pharmacological inhibition of endocytosis pathways

No. Nanosystems Model Outcome Reference

1. Gold nanoparticles 
(NPs), plain NPs 
compared with NPs 
coated with 
polyethylene glycol 
(PEG)

NPs exposed to human 
alveolar epithelial cells 
(A549). Endocytosis was 
studied by caveolin- and 
clathrin-mediated pathways 
using MβCD

A significant reduction 
of NPs is observed 
intracellularly indicating 
predominant uptake by 
endocytosis

[117]

2. Epirubicin 
(EPI)-loaded folic 
acid-conjugated 
pullulan acetate 
(FPA/EPI) 
nanoparticles

Dose- and time-dependent 
cellular uptake effects of FPA/
EPI nanoparticles were 
determined on rat Kupffer 
cells (KC), preincubated with 
the CPZ, NY, Col, AMR, and 
PDTC

PDTC + NY exhibited 
strongest inhibitory 
effect, indicating 
clathrin- and caveolae-
mediated endocytosis as 
the main route of entry 
in KC

[118]

3. Carboxyl- and 
amino-
functionalized 
silica nanoparticles 
(SiNP)

5 × 104 Human breast 
adenocarcinoma cell line 
(MCF-7) and MCF-7-derived 
breast cancer stem cells 
(BCSCs) were pretreated with 
genistein; dynasore, cyto D, 
polyinosinic acid potassium 
salt (Poly-I), nocodazole, NY, 
CPZ

SiNPs with the same 
functionalization can be 
uptaken via different 
endocytic mechanisms in 
MCF-7 and BCSCs

[119]

4. Negatively and 
positively charged 
model 
nanoparticles

Colon carcinoma Caco-2 cell 
monolayers were incubated 
with dynasore, genistein, 
EIPA, nocodazole, CPZ, and 
MβCD

Negatively charged NPs 
and positively charged 
NPs were found to be 
uptaken by different 
pathways

[120]

5. DNA–chitosan 
nanoparticles:
(a) Self-branched 
and trisaccharide 
substituted chitosan 
oligomers 
(SBTCO)
(b) Linear chitosan 
(LCO)

HeLa cells preincubated with 
the endocytic inhibitors 
(10 μg/ml chlorpromazine, 
30 μg/mL dynasore, and 
70 μg/mL genistein) for 
30 min prior to addition of 
YOYO-1-labeled DNA–
chitosan polyplexes

(a) SBTCO: Clathrin-
independent endocytosis.
(b) LCO: Clathrin-
dependent and clathrin-
independent pathways.

[121]
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consideration while designing the animal model. These can include host-specific, 
pathogen-specific, and therapeutic variables. The host-specific variables include 
animal species, route of infection, infection site, immune status, end-organ/tissue 
sampling, and optimal endpoint measure [7, 9, 122]. The pathogen-specific vari-
ables include the genus/species, inoculum size, virulence, and drug susceptibility. 
The therapeutic variables include route of drug administration, timing of therapy, 
dose level, frequency of administration, penetration to the site of infection, metabo-
lism and/or elimination, and duration of therapy [7, 9, 122].

The ultimate aim of considering these variables while designing an animal model 
is an accurate PK/PD evaluation to allow optimization of the dosing regimen,  
limiting drug-related toxicity, guiding therapeutic drug monitoring, and setting of 
drug susceptibility breakpoints [122].

The primary infection animal models are routinely utilized for screening of poten-
tial molecules to have rough estimates of their efficacy and toxicity potentials, to opti-
mize their route of administration, and their dosage regimen. Basic screening of 
antibacterial efficacy is conducted using the three models described in the following 
text. Evaluation in these models enables determination of the protective dose (PD50), 
that is, the dose that prevents mortality or inhibits thigh swelling in 50% animals [9].

7.1.1  Mice Bacterial Peritonitis Model

The mice peritonitis model was first used in 1935 to prove the efficacy of prontosil 
and derivative sulfonamides against Streptococcus pyogenes. Since then, it is an 
important in vivo model to evaluate the potential of novel molecules as antibiotics 
and to correlate the in vitro activity with in vivo efficacy of the test compound [9, 
123]. This is the most commonly used acute systemic infection model. It is an 
important model for early demonstration of anti-infective potential and corelating 
the in vitro potency with the in vivo efficacy.

Mice bacterial peritonitis model involves inoculation of predetermined concentra-
tion or number of infecting agents by intraperitoneal injection to the mice. The animals 
are checked for the signs of infection. The test compounds can be administered to the 
animals by different routes depending on their solubility and clinical use, that is, pro-
phylactic or preventive therapy. Endpoints include mortality (% survival), bacterial 
load (CFU) in the blood and different tissues, and protective dose (PD50) [9]. Table 17.15 
gives a list of nanosystems evaluated using mice bacterial peritonitis model.

7.1.2  Bacterial Respiratory Tract Infection Model/Lung Infection

The mouse respiratory tract infection model is utilized to evaluate the efficacy of 
antimicrobials against respiratory tract infections. The first step in pneumonia 
results from the defeat of the innate immune defense system by the infection as 
innate immunity is essential in host defense against virulent pathogens [129]. The 
respiratory tract infection (RTI) model considers bacterial virulence, the local host 
defense system, the course of disease, the rate at which bacteria are cleared from the 
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lungs and/or disseminate to the bloodstream, and the penetration and disposition of 
the drug into the lung tissue [8, 9].

Several methods have been employed to induce lung infections which include 
intranasal inhalation [9], aspiration via the oropharyngeal route [130], aerosol expo-
sure [122], and intratracheal inoculation [9]. Parameters studied as endpoints 
include bacterial burden in lungs, cytokine levels, protective dose (PD50). Table 17.16 
provides the list of nanosystems evaluated by bacterial respiratory tract infection 
model/lung infection model.

7.1.3  Thigh Lesion/Thigh Burden Model

The thigh lesion model is the most commonly used to determine the pharmacoki-
netic/pharmacodynamic (PK/PD) relationships of antibiotics [136]. It is simple to 
establish and is a reproducible model. The measurement of drug levels in both 
serum and tissues can be performed with this model [9, 137].

Table 17.15 Nanosystems evaluated by mice bacterial peritonitis model

No. Nano system Animal model Outcome Reference

1. Exosome-encapsulated 
linezolid

Kun Ming mice infected 
with 5 × 107 CFU of 
MRSA WHO-2 by 
intraperitoneal (i.p.) 
injection

The exosome linezolid 
was found to be more 
effective than the free 
linezolid

[124]

2. Pluronic-based 
nano-self-assemblies of 
bacitracin A with 
Pluronic® P85 
(Nano-BAP85)

Kun Ming mice infected 
with 109 CFU/ml of 
Staphylococcus aureus 
and Escherichia coli. 
Nano-BAP85 is compared 
with (Nano-BAPLGA)

Nano-BAP85 was found 
to significantly suppress 
the bacterial growth and 
prolong survival time as 
compared to Nano-
BAPLGA with negligible 
toxicity

[125]

3. Folic acid receptor-
targeted poloxamer 407 
nanocrystals containing 
ritonavir-boosted 
atazanavir 
(FA-P407-ATV/r)

Folate-deficient NSG 
mice infected with 
HIV-1ADA after 
pretreatment with 
P407-ATV/r or 
FA-P407-ATV/r

FA-P407-ATV/r showed 
significantly enhanced 
antiretroviral responses 
as compared to the 
native drug or 
nontargeted formulations

[126]

4. Nanoformulated 
myristoylated 
cabotegravir prodrug 
(NMCAB)

HIV-1ADA challenged 
NSG mice after 
pretreatment with 
NMCAB or CAB LAP

NMCAB treatment 
showed significantly 
lower plasma and tissue 
viral loads as compared 
to CAB LAP treatment

[127]

5. Gentamicin-loaded 
poly(lactide-co-
glycolide) (PLGA) 
nanoparticles

CD-1 mice infected with 
107 CFU/ml of 
Pseudomonas aeruginosa 
i.p.

Gentamicin 
nanoparticles exhibited 
significantly improved 
antimicrobial effects due 
to lower plasma and 
peritoneal lavage 
colony-forming units

[128]
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The infection is induced by an intramuscular injection of inoculum in the thigh 
muscle of a mouse. The test agent is administered to the animals. The virulence of 
the injected organism and the effect of the test agent are evaluated hereafter. If the 
infection is cleared within 24 h, the mice have to be rendered neutropenic to attain 
a robust infection [9].

Neutropenic mice are usually employed when the infection is observed to be 
cleared within 24 h of establishment. The mouse can be rendered neutropenic by 
treatment with cyclophosphamide on days −4 and −1, producing neutropenia by day 
0 [136]. The model can be worked up with the help of immunocompetent mice to 
study the effect of leukocytes [122]. The infection develops in 2–4 days and is rarely 
fatal. It may spontaneously resolve after 6 days. An important consideration is the 
time difference between inoculation and the commencement of therapy [136].  
A number of different infective agents can be evaluated with this model. Parameters 
to be studied as endpoints include, lesion measurement, bacterial burden [136], 
PK/PD indices (T > MIC, AUC/MIC, or Cmax/MIC) [136]. Table 17.17 enlists the 
nanosystems evaluated by thigh lesion/thigh burden model.

Table 17.16 Nanosystems evaluated via bacterial respiratory tract infection model/lung infection 
model

No. Nano system Animal model Outcome Reference

1. Immunogene therapy 
fusogenic nanoparticles 
selectively targeting 
macrophages (Irf5 
gene) (F-siIRF5-CRV)

Intratracheal injection of 
~1 × 107 CFU of 
Staphylococcus aureus in 
Balb/C mice

The CRV-targeted NP 
constructs localized 
significantly in infected 
and nonhealthy lungs as 
compared to sham NPs

[131]

2. Cyclic 9-amino acid 
peptide CARGGLKSC 
(CARG)-conjugated 
vancomycin-loaded NPs 
(CARG-pSiNP-
vancomycin)

Intratracheal inoculation 
of S. aureus 
(5 × 107 CFU) bacteria

CARG-pSiNP-
vancomycin enhanced 
the efficacy by effectively 
suppressing the 
staphylococcal infections

[132]

3. Peptide-loaded 
phosphonate pSiNPs 
(peptide-pSiNP)

Intratracheal inoculation 
of 2 × 105 CFU of 
Pseudomonas aeruginosa 
in neutropenic CD-1 
mice

Peptide-pSiNP treatment 
brought about a large 
reduction in bacterial 
titers and markedly 
improved survival as 
compared to the 
untreated mice

[133]

4. Shell cross-linked 
needle-like polymeric 
nanoparticles (SCK 
NPs)

Intranasal inoculation of 
(∼1.2 × 106 CFU per 
mouse) P. aeruginosa

SCK NP SCC10-loaded 
core formulations 
exhibited excellent 
antimicrobial activity and 
efficacy

[134]

5. Diphyllin-loaded 
polymeric nanoparticles 
comprised 
poly(ethylene glycol)-
block-poly(lactide-
coglycolide) 
(PEG-PLGA)

Intranasal inoculation 
with a sublethal dose of 
influenza H1N1 virus in 
BALB/c mice and further 
challenged with a lethal 
dose of influenza H1N1

Diphyllin nanoparticles 
curtailed the bodyweight 
loss and viral titer in the 
lungs. It improved the 
survival in animals after 
lethal influenza viral 
challenge

[135]
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8  Conclusion

A relevant screening model for any novel drug delivery system forms the basis of 
preclinical development studies. An in vitro and in vivo model should be selected 
based on the targets and ability of the model to recapitulate the target features. It is 
also important to consider the degree of drawbacks associated with the particular 
model. Another significant aspect to be considered is the translational value of the 
preclinical outcomes into clinical efficacy. Hence, a standardized and validated pre-
clinical model both in vitro and in vivo serves as a key attribute toward development 
of an anticancer and anti-infective agent and drug delivery system.
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Chapter 18
Protocols for Cellular Evaluation 
of Targeted Drug Delivery Systems 
for Cancer and Infectious Diseases
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Abstract The most critical stage in evaluation of a novel drug or its delivery sys-
tem is assessment of its safety and efficacy. Traditionally, in vivo animal models 
were used for this assessment. However, due to growing ethical concerns in animal 
usage, these in vivo animal models have largely been replaced by cell-based assays. 
Cell-based assays offer several advantages which have been described in this sec-
tion. This chapter describes in detail the protocols along with critical parameters for 
various cell-based assays which can be used for evaluation of targeted drug delivery 
systems for cancer and infectious diseases.

Keywords Cell-based assays · In vitro · Cancer · Infectious diseases
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cfu Colony-forming units
CLSI The Clinical and Laboratory Standards Institute
DMSO Dimethyl sulfoxide
DTT Dithiothreitol
EBM Endothelial basal media
EDTA Ethylenediaminetetraacetic acid
EGTA (Ethylene glycol-bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid)
ESCMID European Society of Clinical Microbiology and Infectious Diseases
FITC Fluorescein isothiocyanate
FRET Forster resonance energy transfer
HPLC High performance liquid chromatography
HUVECs Human umbilical vein endothelial cells
LC-MS Liquid chromatography-mass spectrometry
MHB Mueller–Hinton broth
MIC Minimum inhibitory concentration
MTT (3-[4,5-Dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide)
NDDS Novel drug delivery system
PAE Post antibiotic effect
PI Propidium iodide
UV Ultraviolet
VEGF Vascular endothelial growth factor

1  Introduction

Drug discovery and development are vital for providing novel treatments for dis-
eases. However, this is a challenging process, which involves significant time and 
cost, and is often met with failures. It is estimated that developing a marketable drug 
formulation can cost over $1 billion and may require about 12–15 years [1]. The 
first step in evaluation of any drug and/or formulation is the assessment of its safety 
and efficacy. Traditionally, safety and efficacy were evaluated in in  vivo animal 
models. However, in 1950, W. M. S. Russell and R. L. Burch described the “Three 
Rs,” namely, replacement, reduction, and refinement due to the growing ethical con-
cerns in animal usage [2]. The first principle, “replacement” suggests that “use of 
animals should be replaced with alternative techniques if available”; since then, 
animal testing has largely been replaced with cell-based assays. Although cell-based 
assays do not completely resemble the 3-D physiological environment of an animal 
model of disease, they have several advantages. Cell-based assays are associated 
with fewer ethical issues. Moreover, these can be used for high-throughput screen-
ing, to rapidly evaluate libraries of newer drugs and delivery systems. They also 
provide substantive data on various cellular responses that occur upon exposure to a 
drug candidate [3]. Cell-based assays can be combined with advanced microscopy 
techniques, which allow monitoring of cellular events in both, spatial and temporal 
resolution [4]. Thus, cell-based assays offer a promising approach to screen and 
evaluate the safety and efficacy of newer drugs and formulations.
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This chapter discusses protocols for in vitro cell-based assays for evaluating the 
drugs and delivery systems against two of the most important classes of diseases, 
namely, cancer and infectious diseases.

2  Cell Viability by MTT Assay [5]

Requirements
• MTT: (3-[4,5-dimethylthiazol-2-yl]-2,5 diphenyl tetrazolium bromide).
• Class 2B biosafety cabinet suitable for drug experiments.
• Incubator with 5% CO2 at 37 °C.
• 96-well microplates. It is advised that for suspension cells, round-bottom wells 

or flat-bottom wells can be used, while for adherent cells, only flat bottoms must 
be used.

• Cell line.

Methods

Solutions and Solvents

• MTT solution: Dissolve 500 mg MTT in 10-mL PBS. Stir with a magnetic stirrer 
for approximately 1 hour in the dark. Filter sterilize the solution with a 0.22-mm 
filter and store in 1-mL aliquots at −20 °C. Warning: MTT is toxic and harmful. 
MTT is light sensitive, and hence protect from light.

• DMSO: Use DMSO to dissolve formazan crystals.

Procedure

• Seed the cells in 96-well plates at density of 1 × 104 cells/well and incubate 
for 24 hours to allow cell attachment.

• Change the medium on alternate days.
• After cells are adhered, incubate with the formulation at various concentra-

tions for 48 hours and/or 96 hours. Each concentration should be tested at 
least in triplicates to ensure reproducible results.

• Maintain appropriate solvent and media controls. Solvent control should be 
maintained when an organic solvent such as ethanol or DMSO is used to solu-
bilize the drug/formulation. Solvent control should contain media along with 
the solvent at the concentration used to solubilize the drug/formulation.

• At designated time interval, add 20-μl MTT solution and incubate in dark for 
4 hours.

• Remove MTT solution from culture wells after 4 hours.
• Dissolve the formazan crystals in 100-μl DMSO.
• Measure the absorbance measured at 540 nm.
• Calculate cell viability using the following equation:

 
Cell viability

Absorbance of sample

Absorbance of control
%( ) = ×100
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3  Methods to Determine Cell Proliferation [6]

3.1  3H-Labeled Thymidine (3H-T) Assay

Procedure
• Seed the cells in 96-well plates at density of 1 × 104 cells/well and incubate for 

24 hours to allow cell attachment.
• Change the medium on alternate days.
• After cells are adhered, incubate with the formulation at various concentrations 

for 48 hours and 96 hours.
• Maintain appropriate solvent and media controls.
• Add 3H-labeled thymidine (9.25 KBq; 0.25 mci/well) to each well and incubate 

for another 24 hours.
• Collect the cells on a glass filter using a cell harvester.
• Measure the radioactivity using liquid scintillation counter.

 
Stimulation index

H-T incorporation in test wells

H-T incorpora
=

3

3 ttion in control wells  

3.2  BrdU-Labeled Assay to Determine Cell Proliferation [7]

Procedure
• Grow cells in a six-well plate. The seeding density depends on the cell type and 

should be optimized for each cell line. Incubate the cells for 24 hours to facilitate 
cell attachment for adherent cells. Change the medium on every alternate day.

• Incubate cells with test formulation at various concentrations for 48 and 96 hours. 
Maintain appropriate solvent and media controls.

• Preparation of 10 μM BrdU labeling solution: Dissolve 3 mg of BrdU in 1 ml of 
sterile autoclaved distilled water to yield a 10-mM stock solution. Dilute the 
10-mM stock solution in cell culture medium to obtain 10-μM BrdU labeling 
solution. Filter the 10-μM BrdU labeling solution through a 0.2-μM filter under 
sterile conditions, for example, under laminar airflow hood.

• After incubation with the test formulation at desired time intervals, remove cul-
ture medium and replace with 10-μM BrdU labeling solution. Incubate the cells 
in 10-μM BrdU labeling solution for 1–24 hours at 37 °C in a CO2 incubator. The 
incubation time varies for each cell line used and depends on cell growth rate. 
Thus, it is important to determine the population doubling time for each cell line 
by performing cell growth curve experiment.

• After incubation with 10-μM BrdU labeling solution, remove the medium from 
the cells and wash the cells twice with phosphate-buffered saline to remove 
excess labeling solution.
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• Fixation of cells: Aspirate phosphate-buffered saline and add 1  ml of trypsin 
EDTA to each well. Incubate at 37 °C for 5 minutes in a CO2 incubator, to facili-
tate cellular detachment. Add 2 ml of growth medium containing fetal bovine 
serum to neutralize the trypsin. Transfer the cell suspension to a 15-ml falcon 
tube and centrifuge for 4 minutes at 350g to obtain a cell pellet. Determine cell 
count and adjust the final cell concentration to 2 × 106 cells/2 ml for solution in 
60% ice-cold ethanol (vol/vol) in phosphate-buffered saline. First, add 0.8 ml of 
ice-cold phosphate-buffered saline slowly while vortexing the pellet. Following 
this, add 1.2-ml ice-cold 100% ethanol. Continue to vortex for 15 seconds. Leave 
overnight at 4 °C to allow fixation of cells.

• DNA hydrolysis step: This step is carried to denature DNA to allow the anti-BrdU 
antibody access the BrdU incorporated within the DNA. Vortex the fixed cells for 
15 seconds and centrifuge at 350g for 4 minutes, discard the supernatant. Add 
1.5 ml of 2 N HCl per 2 × 106 cells while vortexing the tube at low speed. Incubate 
the cells for 20 minutes at 37 °C. Add 0.1-M sodium borate (twice the volume of 
HCl used) to each tube while vortexing. Centrifuge at 350g for 4 minutes and 
discard the supernatant. Add 6 ml of 0.5% Tween 20 + 0.5% Bovine serum albu-
min (vol/vol) in phosphate-buffered saline (PBTB) to each tube while vortexing, 
centrifuge for 4 minutes at 350g. Aspirate the supernatant.

• Staining and analysis: Add 0.2  ml of anti-BrdU monoclonal antibody in 
phosphate- buffered saline +0.5% Tween-20 (vol/vol) at 1:100 dilution, mix gen-
tly, and incubate for 60  minutes, at room temperature in the dark. Add 3-ml 
PBTB while vortexing, centrifuge for 4 minutes at 350g, and aspirate the super-
natant. Add 0.2-ml secondary antibody in PBTB +1.0% (vol/vol) normal goat 
serum, at appropriate dilution (this should be referred from the product sheet.) 
and mix gently. Incubate in dark for 45 minutes at room temperature. Add 3-ml 
PBTB, mix gently and save an aliquot of 10 μl for counting nuclei. Centrifuge 
the cell suspension at 350g for 4 minutes. Aspirate the supernatant and add prop-
idium iodide (10 μg/ml in PBTB) to adjust the final concentration to 1 × 106 
nuclei/ml of suspension. Mix gently and incubate the suspension overnight at 
4 °C in dark. On the following day, 30 minutes prior to analysis add 20 μg RNase 
per 1 × 106 nuclei/ml of suspension. Analyze the samples by flow cytometer. A 
detailed description regarding the procedures and critical parameters in flow 
cytometry analysis is given by Nicholas et al. [7].

4  Methods for Evaluation of Drugs Inhibiting Angiogenesis

4.1  Chick Chorioallantoic Membrane Assay

Quantification of antiangiogenic activity can be performed using chick embryo cho-
rioallantoic membrane (CAM) using a method described by Mai Nguyen et al. [8]. 
The principle relies on the vertical growth of new capillary blood vessels from the 
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CAM into a collagen gel. The advantage of this method is that it eliminates the 
interference from background veins, arteries, and nongrowing capillaries lying in 
the horizontal plane of CAM.

Procedure

 I. Preparation of Shell-Less Chick Embryo

 1. Incubate the Leghorn chicken eggs by placing them horizontally in an incu-
bator at 37 °C and 65–70% relative humidity.

 2. On Day 3, crack the eggs and transfer the embryos individually in petri 
dishes. Transfer the petri dishes with the embryos into a CO2 tissue culture 
incubator with 2–4% CO2 maintained at 37 °C and 65–70% relative humid-
ity. This step should be performed inside a tissue culture hood without the 
blower running. All the glassware and gloves used should be sterilized prior 
to use to avoid contamination.

 II. Preparation of Collagen-Based Gel Matrix
This structure provides support for vertical growth of the newly formed 

blood capillaries.

 1. Suspend recombinant basic fibroblast growth factor (bFGF) in sucralfate (alu-
minum sucrose octasulfate) and vitrogen, a Type I collagen. (0.1–10 μg bFGF 
prepared in 1 mg Bovine serum albumin/1 ml saline+20 mg sucralfate +400 μl 
Type I collagen (e.g., vitrogen) vitrogen). Sucralfate should be sterilized in 
200-μl boiling double-distilled water for 1 minute, followed by centrifuga-
tion. Then remove supernatant double-distilled water. The pH of vitrogen 
should be adjusted to pH 7.4 prior to use by addition of 80% vitrogen +10% 
10× phosphate-buffered saline +10% 0.1 M NaOH. It should be kept on ice at 
0  °C throughout the sample preparation to prevent premature gelation. 
Angiogenesis is induced by bFGF, a most potent angiogenic factor which is 
slowly released by sucralfate. Sucralfate added to collagen protects bFGF 
from degradation and maintains its sustained release.

 2. The test drug or formulation to be analyzed should be dissolved in double- 
distilled water or saline and then mixed with neutralized vitrogen at 1:2 ratio 
as in Step 1.

 3. The Teflon mesh (e.g., Tetko, Bluehill Plastics, Cambridge) should be cut into 
desired dimensions, autoclaved for 10 minutes at 15 PSI, 121 °C followed by 
vacuum drying. A 20-μl aliquot of collagen-based gel matrix should be depos-
ited on a mesh.

 4. The sample is allowed to form a gel by placing it on the top of a flat end of a 
1/8 inch diameter Teflon rod mounted within a 100-mm glass petri dish. Place 
6 ml of water in petri dish to maintain constant humidity. Sixteen Teflon rods 
can be placed in 100-mm dish.

 5. Seal the petri dish with a plastic cover and place in an incubator at 37 °C and 
65–70% relative humidity for 15–20 minutes.
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 III. Measurement of Angiogenesis

 1. Transfer the collagen-based gel matrix onto the CAM (on the outer third 
region, approximately 2–3 mm away from the central vessel) of an eight- 
day- old chick embryo with sterile forceps. The procedure should be carried 
at temperature of 20 °C–24 °C and relative humidity of 40–50%.

 2. Place a smaller piece of mesh (2 × 2 mm) on the top of collagen gel.
 3. Place the embryos in the incubator and observe on Day 3 to Day 9 post 

implantation with a light microscope. Count the number of squares in the 
mesh containing new blood vessels.

 4. Express the antiangiogenic activity of the test as percentage of control.

Figure 18.1 provides the representation of Chick chorioallantoic membrane assay.

4.2  Zebrafish Caudal Fin Regeneration Assay [9]

Procedure

 1. Place the zebrafish (10 per each group) in tanks maintained 28 ± 0.5 °C on a 
14-hour light/10-hour dark cycle.

 2. Cryo-anesthetize the fish by placing them on ice for 2–3 minutes until gills stop 
moving with loss of body movement and balance and no response to stimuli. 
Promptly, transfer them to glass slide and amputate the fin at midfin level.

 3. Place the fish into a recovery tank and ensure their recovery within 3 minutes. 
The recovery of fish occurs in three stages; Stage I: by immobility but opercular 
movement, Stage II: uncoordinated body movements with opercular movement, 
and Stage III: normal body movement.

 4. Add the test and standard formulation to the tanks maintained 28 ± 0.5 °C for 
seven-day post amputation.

 5. On Day 8, place each fish under light microscope to determine the length of fin 
regeneration and regenerative blood vessels.

Critical parameter The caudal fin will regenerate after amputation up to the level 
where the scales extend from the body. Therefore, for regeneration studies, it is 
important to cut the fin halfway between where the scales end and tip of the fin. If 

Fig. 18.1 Diagrammatic representation of Chick chorioallantoic membrane assay
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the fin is cut more anterior than the scales, regeneration becomes unreliable either 
failing completely or resulting in abnormally shaped regenerates.

4.3  Endothelial Cell Migration Assay [10]

Procedure

 1. Transwells (8-mm pore) precoated with 200 mg/ml Matrigel® are used for assay.
 2. Plate Human umbilical vein endothelial cells (HUVECs) (1.5 × 105) in EBM-2 

containing 0.05% FCS in upper chamber of transwell in presence of various 
concentration of test/standard formulations for 30 minutes at 37 °C.

 3. EBM-2 containing 0.05% FCS and VEGF (50 ng/ml) should be added to lower 
chamber.

 4. After 5 hour of incubation, stain the cells. Remove the nonmigrated cells (on top 
side of membrane) by cotton swab.

 5. The number of migrated cells is quantified by counting cells under ×40 
objective.

Figure 18.2 provides a representation of endothelial cell migration assay.

5  Topoisomerase I Inhibition Assay [11]

5.1  Topoisomerase I Inhibition Assay

This assay can also be used for studying inhibition of relaxation catalyzed by topoi-
somerase I. Topoisomerase I introduces single-stranded cuts in DNA and makes it 
in a relaxed state so that it can replicate. Topoisomerase inhibitors inhibit the 

Fig. 18.2 Diagrammatic representation of endothelial cell migration assay
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enzyme and therefore inhibit the relaxation of DNA; thus, replication gets hindered 
and cells undergo apoptosis.

Requirements
• Purified Topoisomerase I or cell extract from eukaryotic cells
• 10× topoisomerase reaction buffer: 500-mM Tris-Cl, pH 7.5, 1-M KCl, 10-mM 

dithiothreitol, 100-mM EDTA, 50-μg/ml acetylated bovine serum albumin
• Substrate: Plasmid DNA
• 5× loading dye: 30% (v/v) glycerol, 0.25 mg/ml bromophenol blue
• Apparatus, reagents, and equipment for Gel electrophoresis: gel box, comb, 

power supply, ethidium bromide staining, and gel photography
• 0.8% agarose gel
• 1.5-ml microcentrifuge tubes
• UV transilluminator

Procedure

 1. Add 2 μl of 10× topoisomerase I reaction buffer and 200-ng plasmid to each of a 
series of 1.5-ml microcentrifuge tubes on ice. Adjust volumes with distilled 
water so that the final reaction volume in each tube, including that of the protein 
or extract added in step 2, is 20 μl.

 2. Dissolve the test formulation in an appropriate solvent (such as DMSO). It is 
important that the concentration of the solvent in the reaction mixture does not 
exceed 0.5%. An appropriate solvent control should be maintained.

 3. Add purified topoisomerase I protein or cell extract to the tubes. Incubate  
the reaction mixture for 30 minutes at 37 °C. For crude extracts, it is important 
to use a range of concentrations and standardize the most appropriate 
concentration.

 4. Add 5 μl of 5× loading dye to each tube and load contents on 0.8% agarose gel. 
Run the gel for 2–3 hours at 5–10 V/cm. Stain the gel with ethidium bromide, 
destain briefly with water, and photograph the gel with a UV transilluminator. 
Caution should be exercised while handling ethidium bromide, as it is a mutagen 
and potential carcinogen. It should be handled with gloves, and solutions should 
be disposed according to institutional guidelines.

 5. For determination of quantitative inhibition of topoisomerase I by test sample, 
scan photographic negatives densitometrically using an imager (such as Alpha 
imager 2200, AlphaEase version 5.5). The percentage inhibition of topoisomer-
ase I is calculated as follows:

 
%Inhibition

Intensity of sample treated DNA

Intensity of vehicle t
=

rreated control DNA
×100
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5.2  Topoisomerase II Inhibition Assay

Topoisomerase II has unique property to catalyze the decatenation of intact double- 
stranded DNA. Decatenation refers to separating the physical links between the two 
double strands of DNA.  This property allows the enzyme to separate replicated 
DNA molecules at mitosis. This assay uses Topogen ®, a kinetoplast DNA from 
Crithidia fasciculata. This DNA is ideal for the assay, since it forms a large network 
of interlocked (termed as catenated) circles. Topoisomerase II decatenates the cir-
cles from the network, the catenated circles are unable to enter an agarose gel; 
however, upon decatenation the free circles are detected as a discrete band on the 
gel. Topoisomerase I cannot catalyze the decatenation; therefore, this assay is selec-
tive for topoisomerase II imbibition.

Requirements
• 10× topoisomerase II reaction buffer: 200-mM Tris-Cl, pH 7.5, 100-mM MgCl2, 

10-mM ATP, 10-mM EDTA, 10-mM dithiothreitol (DTT), 1.5-M KCl, 300-μg/
ml acetylated bovine serum albumin

• Substrate: kinetoplast DNA (Topogen®)
• Purified topoisomerase II or cell extract
• 5× loading dye: 30% (v/v) glycerol, 0.25 mg/ml bromophenol blue
• 0.8% agarose gel
• Apparatus, reagents, and equipment for Gel electrophoresis: gel box, comb, 

power supply, ethidium bromide staining, and gel photography
• 1.5-ml microcentrifuge tubes
• UV transilluminator

Procedure
Relaxation by Topoisomerase II requires ATP and a divalent cation; therefore, the 
buffer for topoisomerases I and II are different. The evaluation method is the same 
as that for Topoisomerase I.

6  Protocol for Cell Cycle Analysis by DNA Content 
Measurement (using Propidium Iodide) [12]

This method is used to distinguish the cells in different phases of their cell cycle by 
flow cytometry. Prior to analysis, the cells are permeabilized and treated with PI 
which stains the DNA; and thus, the fluorescent intensity of stained cells is propor-
tional to the cellular DNA content.

Procedure

Treatment of Cells and Fixation
• Culture the cells of interest at appropriate seeding density in six-well culture 

plates. The cells are then subjected to treatment for indicated time. It is recom-
mended to test at least 3–5 graded doses of the formulation along with appropri-
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ate solvent and media controls. A broader concentration range is advantageous, 
as it will provide a more comprehensive result.

• After treatment, collect the cells in a 1.5-ml microcentrifuge tube by trypsiniza-
tion and centrifugation. Wash the pellet with phosphate-buffered saline (without 
Ca2+ and Mg2+) and fix the cells with ice-cold 70% ethanol at −20 °C overnight.

Staining with Propidium Iodide

• Centrifuge the fixed cells and wash with ice-cold phosphate-buffered saline 
(without Ca2+ and Mg2+).

• Resuspend cells in 300–500 μl PI/Triton X-100 staining solution and incubate 
for 30 minutes at 37 °C in dark. The staining solution is prepared by addition of 
10  ml of 0.1% (v/v) Triton X-100  in PBS to 2-mg DNAse-free RNAse and 
0.40 ml of 500 μg/ml PI. This solution should be prepared freshly. It is important 
to incorporate RNAse in the staining solution to distinguish between RNA and 
DNA staining, as PI also binds to RNA.

• After incubation, transfer the tubes with cells on to ice or store at 4 °C in dark.
• Analyze the cell cycle distribution using FACS.

Analysis of Results and Interpretation

The analysis is performed by the software associated with the flow cytometer. 
Following are plots which are displayed by the cytometer:

• Forward scatter (FS) and side scatter (SS) are measured to identify single cells. 
Forward scatter gives an estimation of cell size, whereas side scatter gives an 
estimation of cellular granularity.

• Pulse processing (pulse shape analysis) is used to identify and exclude cell dou-
blets from the analysis. This is achieved by using pulse area vs. pulse width/pulse 
height depending on the type of flow cytometer.

• PI histogram obtained by plotting forward scatter vs. PI signal.
• Flow cytometry data analysis is based on the principle of “gating.” Gating refers 

to distinguishing populations of cells based on their forward and side- scatter 
properties. For analysis, gating is performed on the single-cell population using 
pulse width vs. pulse area. These data are used to gate the scatter plot to gate out 
the debris. The gates are combined and applied to PI histogram plot. This gives 
cell count vs. PI intensity.

Staining of Surface Antigens

This procedure can be used simultaneously to determine the presence of surface 
antigens. An antibody which shows excitation at 488  nm such as FITC- 
conjugated antibody may be used for this purpose.

Critical Parameters
• PI is a suspected carcinogen and should be handled with care. The dye must be 

disposed of safely and in accordance with applicable local regulations (e.g., 
Control of Substances Hazardous to Health (COSHH) regulations).

• Do not wash cells after the addition of the PI staining solution.
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7  Apoptosis Assays

7.1  Annexin V-FITC/Propidium Iodide Assay

Apoptosis is characterized by specific morphological features, such as loss of 
plasma membrane symmetry, plasma membrane blebbing, condensation of cyto-
plasm and nucleus, and cleavage of DNA. One of the earliest events in apoptosis is 
plasma membrane asymmetry due to translocation of membrane phospholipid 
phosphatidyl serine (PS) from the inner leaflet to the outer leaflet of plasma mem-
brane. This translocation exposes PS to the external cellular environment. Annexin 
V is a 35–36 kDa Ca2+-dependent phospholipid-binding protein with a high affinity 
for PS, and it binds to the exposed apoptotic cellular surface. Thus, conjugation of 
annexin V with fluorochrome such as FITC can be used for determination of early 
apoptosis. Late apoptotic cells are characterized by loss of membrane integrity and 
become permeable to dyes such as propidium iodide. In conjunction with propid-
ium iodide, this assay can be used for distinguishing between early and late apopto-
sis. Cells with intact membrane will exclude PI, whereas dead and damaged cells 
will be permeable to PI. Therefore, viable cells will be both annexin V and PI nega-
tive; early apoptotic cells will be annexin V positive and PI negative, whereas late 
apoptotic cells will be both annexin V and PI positive. The following protocol is 
described by Aja M. Rieger, for accurate assessment of cellular apoptosis [13].

Procedure

Treatment of Cells and Preparation
• Culture the cells of interest at appropriate seeding density in six-well culture 

plates. The cells are then subjected to treatment for indicated time. Appropriate 
solvent and media controls should be maintained. The optimum concentration 
for flow cytometry analysis is 2–4 × 106 cells per 200 μl volume. However, the 
procedure may result in loss of cells; therefore, it is recommended that each 
sample consist of at least 4 × 106 cells at the start of the procedure.

• Prepare phosphate-buffered saline without Ca2+ and Mg2+ using the indicated 
formula (Potassium chloride 0.2  g, Potassium phosphate monobasic 0.2  g, 
Sodium chloride 8 g, Sodium phosphate dibasic 1.15 g dissolved in 1 L of nucle-
ase free water). After treatment, collect the cells by trypsinization and centrifuga-
tion. Wash the pellet with phosphate-buffered saline (without Ca2+ and Mg2+), 
centrifuge, and decant the supernatant. Resuspend cells in 100 μl × Annexin V 
binding buffer.

Staining the Cells with Annexin V-FITC and PI

• Add Annexin V-FITC (e.g., 5  μl Annexin V Alexa Fluor 488, Thermofisher 
Scientific Catalogue number: A13201) according to the manufacturer’s 
instructions.

• Incubate tubes in the dark for 15 minutes at room temperature.
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• Add 100 μl of 1× Annexin V binding buffer +100 μl of cell suspension (2–4 × 106 
cells) to each reaction tube. There should be approximately 200 μl in each tube.

• Add 4 μl of PI (diluted 1:10 in 1 × Annexin V binding buffer).
• Incubate tubes in the dark for 15 minutes at room temperature.
• Add 500 μl of 1 × Annexin V binding buffer to wash the cells.
• Centrifuge samples at 335× g for 10 minutes and decant the supernatant.
• Resuspend cells in 500 μl of 1 × Annexin V binding buffer and 500 μl 2% form-

aldehyde to create a 1% formaldehyde (fixative) solution. Mix tubes by gentle 
flicking.

• Fix samples on ice for 10 minutes or store the samples overnight at 4 °C in the 
dark.

• Add 1-ml phosphate-buffered saline (without Ca2+ and Mg2+) to each sample and 
mix gently by flicking.

• Centrifuge tubes at 425× g for 8 min and decant the supernatant.
• Repeat washing twice.
• To the above pellet, add 16 μl of 1:100 diluted RNase A to give a final concentra-

tion of 50 μg/ml. Incubate for 15 minutes at 37 °C.
• Add 1-ml phosphate-buffered saline (without Ca2+ and Mg2+) and mix gently by 

flicking.
• Centrifuge tubes at 425× g for 8 minutes.
• Analyze the samples using flow cytometry.

Analysis of Results and Interpretation

The analysis is performed by the software associated with the flow cytometer. 
Following are plots which are displayed by the cytometer:

• Forward scatter (FS) and side scatter (SS) are measured to identify single cells. 
Forward scatter gives an estimation of cell size, whereas side scatter gives an 
estimation of cellular granularity.

• Pulse processing (pulse shape analysis) is used to identify and exclude cell dou-
blets from the analysis. This is achieved by using pulse area vs. pulse width/pulse 
height depending on the type of flow cytometer.

• PI histogram obtained by plotting forward scatter vs. PI signal.
• Flow cytometry data analysis is based on the principle of “gating.” Gating refers 

to distinguishing populations of cells based on their forward- and side- scatter 
properties. For analysis, gating is performed on the single-cell population using 
pulse width vs. pulse area. These data are used to gate the scatter plot to gate out 
the debris. The gates are combined and applied to PI histogram plot. This gives 
cell count vs. PI intensity. Similarly, obtain a plot of cell count vs. Annexin 
V-FITC intensity. The software can combine the two plots to give Annexin 
V-FITC vs. PI plot which provides the following information:

 1. Annexin V-FITC negative + PI negative cells, representing viable cell 
population
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 2. Annexin V-FITC positive + PI negative cells, representing early apoptotic 
cell population

 3. Annexin V-FITC positive + PI positive cells, representing late apoptotic 
cell population

7.2  Measurement of Caspase Activation Using Forster 
Resonance Energy Transfer (FRET) [14]

Procedure

Cell Preparation for Time Lapse Measurements
• Plate 2 × 104 cells of interest expressing a FRET-based caspase reporter in cell 

growth medium in each well of a four-chamber glass-bottomed plate. Incubate 
the cells for 24 hours at 37 °C to allow the cells to adhere to the glass surface.

• Turn on the microscope and set the temperature to 37 °C at least 1 hour before 
imaging the cells. Maintain the cells at a constant temperature for the duration of 
the time lapse experiment using a temperature controller that sits on the micro-
scope stage or a microscope with incubator enclosure.

• Remove the medium from the cells and replace it with cell growth medium (con-
taining supplements for imaging) prewarmed to 37 °C. The supplements in the 
cell growth medium for imaging are HEPES (a buffer) and 2- mercaptoethanol 
which prevent unwanted accumulation of reactive oxygen species that can be 
toxic to the cells. HEPES buffer can be prepared by adding 119.15 g of HEPES 
to 400 ml of distilled water; adjust the pH to 7.0 by addition of 1M NaOH and 
make up the volume to 500 ml with distilled water.

• Place the dish (or chamber slide) on the microscope stage using the correct adap-
tor at least 30 minutes before imaging the cells.

• Locate and focus on the cells of interest. Adjust the instrument for automated 
acquisition of three channels, that is, donor excitation/emission, donor excita-
tion/acceptor emission (FRET), and acceptor excitation/emission and capture 
images. It is also recommended to capture a transmission light image to docu-
ment cellular morphology. Load the images for each fluorescence channels into 
a suitable software such as ImageJ. Select a background region and subtract the 
background intensity from each respective image. After background subtraction, 
compare the intensities between the channels for each test sample. Calculate 
donor and acceptor bleed through as follows:

 
Donor bleed through

FRET

Donor excitation
=

 

 
Acceptor bleed through

FRET

Acceptor excitation
=
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Correct the FRET channel for donor and acceptor cross talk by multiplying 
donor channel images by the bleed through factor and subtract the resulting images 
from the FRET channel.

Save the corrected FRET images, subtract background from each of these 
images. Convert the acceptor images to a stack of binary masks. Multiply the binary 
masks with the CFPBackground corrected and FRETDonor corrected image stacks. Divide the new 
CFP image stack by the new FRET image stack to obtain a ratiometric CFP/FRET 
image stack. Use the resulting ratiometric image stack to display FRET substrate 
cleavage as changes in signal intensity. Caspase activity in the sample is directly 
proportional to the signal intensity.

8  Determination of Minimum Inhibitory Concentration 
(MIC) by Broth Microdilution Technique

Minimum inhibitory concentration (MIC) of a chemotherapeutic agent is defined as 
the lowest concentration of the drug that will inhibit the visible growth of a micro-
organism after overnight incubation. Broth microdilution refers to the determination 
of MIC in microdilution plates with a capacity of ≤500 μl per well. The following 
procedure has been described by European Committee for Antimicrobial Testing, 
2003 [15, 16].

Requirements
Medium: Cation-supplemented Mueller–Hinton broth. Mueller–Hinton broth 
(MHB) is a general-purpose medium which is used for wide variety of nonfastidi-
ous organisms. For cultivation of fastidious organisms, the broth needs to be supple-
mented depending on the type of organism. For example, for fastidious streptococci, 
defibrinated or lyzed blood (3–5% v/v) is added as supplement to MHB.  The 
Clinical and Laboratory Standards Institute (CLSI) CLSI guidelines provide spe-
cific recommendations for the composition of medium and test conditions for each 
species of organism [17].

Test compound: Prepare a stock solution of test compound/drug delivery system 
solubilized appropriately (generally 1  mg/ml). Dilute the stock solution twofold 
serially to achieve the test concentrations. The range of concentrations to be tested 
depends on the antimicrobial agent and the organism to be tested. The MIC should 
be determined by using at least 12 dilutions.

Bacteria: The bacteria subjected to antimicrobial susceptibility testing must be 
isolated in pure culture. It is essential that they have been identified at the genus and 
species level. Most organisms are available from hospital laboratories or the 
American Type Culture Collection (ATCC).

Inoculum: The bacterial inoculum size (colony-forming units/ml) used for sus-
ceptibility testing is one of the most critical parameters governing the accuracy and 
reproducibility of results. The recommended final inoculum size for broth dilution 
is 5 × 105 colony-forming units/ml (range 3–7 × 105 colony-forming units/ml).
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Procedure

Preparation of Bacterial Suspension
• Steak the bacterial isolate from hospital laboratories or ATCC on to a nutrient- 

rich agar plate to obtain single colonies. To verify that the test results are accu-
rate, it is essential to include at least one quality control organism with every 
batch of MIC determination. The MICs of routinely used antibiotics are available 
in published literature [16, 17].

• Incubate the plate overnight at 37 °C.
• The inoculum can be prepared in various ways such as colony suspension 

method, growth method, or growth method using overnight cultures. These pro-
cedures have been described in detail by Irith [18]. In each of the procedure, it is 
important to adjust the turbidity of the bacterial suspension to McFarland 
Standard 0.5 by addition of sterile water, broth, or saline, if the turbidity is too 
high, or by addition of bacteria if turbidity is low. The turbidity of McFarland 
Standard 0.5 is equal to 1 × 108 colony-forming units/ml. These are commer-
cially available from several manufacturers such as bioMerieux (Catalogue 
 number: 70900), Thermofisher Scientific (Catalogue number: 10108582). After 
the adjustment of turbidity, the bacterial  suspension should be used within 
30 minutes to prevent the change in bacterial number.

Broth Microdilution

• Label the 96-well microtiter plate with the respective antibiotic/formulation con-
centrations to be tested.

• Add 50 μl of each antibiotic/formulation dilution in the respective well.
• Inoculate each well containing the antibiotic/formulation dilution with 50 μl of 

bacterial suspension.
• Maintain a growth control well containing 50 μl of bacterial suspension and a 

sterility control well containing 100 μl of broth.
• Remove 10-μl sample from growth control well immediately after inoculating 

the plate and pipette into a sterile Eppendorf tube containing 990 μl saline or 
broth. Vortex the tube and plate 100 μl of this suspension on a nutrient-rich agar 
plate. Dilute the suspension (1:10) and plate the diluted suspension on another 
nutrient-rich agar plate.

• Incubate the 96-well microtiter plate and the agar plates at 37 °C for 16–20 hours.
• Count the colonies on the next day.

Calculation and Analysis of the Data
The MIC is defined as the lowest concentration of the test compound that inhibits 
the growth of the bacteria which is directly proportional to the turbidity in the well. 
Turbidity is monitored by measuring the optical density at 630 nm. Plot a standard 
curve using McFarland Standard 0.5 (equal to 1 × 108 colony-forming units/ml). 
Dilute the McFarland Standard 0.5 with the growth medium serially to obtain vari-
ous standards (1 × 107 to 1 × 10) and measure the optical densities of the standards. 
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Plot the optical densities against the colony-forming units to obtain standard curve. 
Determine the number of colonies by extrapolating the optical density on the stan-
dard curve [19, 20].

The method is validated when the MIC of quality control organism is within one 
twofold dilution of published values for routinely used antibiotics. In this context, 
one twofold means, for example, if published MIC is 2, then the MIC obtained 
should be between 1 and 4. The ESCMID guidelines specify the target MICs for 
routinely used antibiotics against quality control organism. The guidelines recom-
mend that a relevant quality control organism should be tested each time the test is 
performed to ensure validity of the method. Therefore, the MIC should be within 
one twofold as compared to the values published in the given guideline, and this 
should be validated each time the test is performed [16].

9  Time-Kill Assay and Post Antibiotic Effect [20]

Requirements
• Microorganism against the formulation to be tested
• Nutrient agar (along with additional supplements specific for the organism used)
• Incubator, 35 °C ± 2 °C with orbital shaker (50 rpm)
• Sterile inoculating loops
• Sterile, disposable 25 × 150–mm glass culture tubes with caps
• Sterile Pyrex glass beads (∼4-mm diameter) or spreading rod and turntable
• 2.0-ml cryovials

Procedure

Time-Kill and Postantibiotic Effect (PAE) Assay
• Label and setup three sterile and disposable 25 × 150-mm glass culture tubes in 

duplicates (one for PAE assay) as follows:
(i) Tube 1 (kill curve tube): organism containing the medium with the drug/test 

formulation. It is recommended that various concentrations of drug/test for-
mulation, for example, 1 × MIC, 2 × MIC, 3 × MIC, etc., should be tested.

(ii) Tube 2 (growth control tube): containing the organism with growth medium 
(no drug).

(iii) Tube 3 (sterility control tube): containing growth medium only.
• To Tubes 1 and 2, add bacterial colonies (1–5 × 105 colony-forming units/ml) 

from an overnight culture plate using a sterile inoculating loop. Tube 3 will con-
tain only growth medium.

• At the first time point (0 minute), withdraw 100 μl of the cell suspension from 
each tube and dilute it tenfold using sterile saline. Culture 100 μl of this diluted 
suspension on the nutrient agar plate and incubate overnight at 37 °C to allow 
formation of colonies. The medium from sterility control tube should not form 
any colonies on incubation.
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• Incubate all the tubes at 37 °C with orbital agitation at 50 rpm.
• At appropriate time intervals (1 hour, 2 hours, 4 hours, etc.), withdraw 100 μl of 

the cell suspension from each tube and dilute it tenfold using sterile saline. 
Culture a 100 μl of this diluted suspension on the nutrient agar plate and incubate 
overnight at 37 °C to allow formation of colonies. At each withdrawal, replace 
the media with 100  μl of fresh growth medium to maintain the volume 
uniformly.

• After overnight incubation, count the colonies. Plot data on a logarithmic scale 
with time (h) on the x-axis and colony-forming units per milliliter (CFU/ml) on 
the y-axis to obtain a kill curve.

• For determination of PAE, centrifuge the above tubes for 10 minutes at 2000 g at 
room temperature. Remove the drug, by decanting the supernatant and resuspend 
the pellet (organism) in fresh media at 37 °C. Repeat the washing for three times 
to remove any traces of drug.

• After the last wash, remove 500  μl of the cell suspension from each tube 
(time = 0 minute) and dilute it tenfold using sterile saline. Place 100 μl of the cell 
suspension on a nutrient agar plate and incubate for 24 hours at 37 °C. Repeat the 
process at hourly intervals.

• After overnight incubation, count the colonies. Plot data on a logarithmic scale 
with time (hour) on the x-axis and colony-forming units per milliliter (CFU/ml) 
on the y-axis to obtain a PAE curve.

Calculation and Interpretation of Results

 1. Kill-curve data

• A test agent is bactericidal if it causes a ≥3 log 10 reduction in CFU/ml 
after a 24-hour incubation with the culture.

• A test agent is bacteriostatic if there is no significant increase in CFU/ml 
after a 24-hour incubation. It means that there is no significant difference 
in the number of colony-forming units inoculated at t = 0 and the counts 
after 24-hour incubation, indicating that they are almost equivalent. This 
indicates that the drug can only prevent the bacteria from growing but can-
not kill it (i.e., no bactericidal action).

 2. PAE curve

 PAE = −T C  

where T = time taken to observe a log 10 increase in inoculum (CFU/ml) vs. the 
inoculum (CFU/ml) observed immediately after drug removal.

C = time taken to observe a log 10 increase in inoculum (CFU/ml) in a similarly 
treated drug-free control.

The PAE of the antibiotics has a clinical relevance because it influences the anti-
bacterial therapy dosing regimens. In theory, drugs with no PAE or low PAE may 
require more frequent administration than those with high PAE.
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Toxicity to Human Cells
It is essential to evaluate the toxicity of a novel drug delivery system (NDDS) on the 
human cells to ensure selectivity against the infection and safety towards the host 
cells. This can be determined by a simple MTT assay which has been described in 
detail in the earlier section. The NDDS should be tested in cell lines for which the 
drug is intended to be used. The choice of cell line will be based on the indication 
for which the antiinfective agent is to be used.

10  In Vitro Cellular Uptake

The cellular uptake of targeted drug delivery system can be determined by semi-
quantitative or quantitative techniques, with each technique having its own advan-
tages and limitations. This section describes general procedures for determining the 
uptake of targeted drug delivery system by cells.

10.1  Culturing of Cells

• Select the cancer cell lines and culture them in T-25/T-75 flask in an appropriate 
medium under atmosphere of 5% CO2 and 95% air at 37 °C.

• The media should be changed at least every 2 days to ensure sufficient nutrients 
and remove dead cells.

• After being cultured in T-25 or T-75 flasks, transfer the cells in a 96-well plate 
and allow to grow stable for 48 hours.

10.2  Measurement of Cellular Uptake by Quantitative 
Techniques

• Identify the cell line for the experiment and culture the cells according to the 
specifications until the cells reach confluency.

• Incubate the cells with the antiinfective agent/test sample at various concentra-
tions at desired time intervals. The time intervals selected should be based on the 
pharmacokinetic data available for the test compound.

• At the appropriate time intervals, remove the cells from the culture media. For 
adherent cell cultures, the cells should be trypsinized followed by centrifugation 
to obtain the cell pellet. In case of suspension cell cultures, the culture media 
should be centrifuged to obtain a pellet.

• Wash the cell pellet thus obtained with ice-cold PBS followed by treatment with 
100 μl of 0.01% triton to facilitate cell lysis. Use an aliquot of the cell suspension 
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to determine cell protein content by Folin-Ciocalteu/biuret method. Centrifuge 
the cell suspension and discard the cellular debris.

• The supernatant is assayed for the drug content by using analytical techniques 
appropriate for the sample to be analyzed.

• The cellular drug content is expressed in reference to the total cell protein 
content.

The selection of analytical technique for quantification depends on the physio-
chemical properties of the antiinfective agent. Various analytical techniques such as 
UV spectrometry, HPLC, and LC-MS can be used depending on the properties of 
the test agent.

10.3  Measurement of Cellular Uptake by Semiquantitative 
Techniques

10.3.1  Fluorescence Microscopy and Flow Cytometry Technique

Measurement of cellular uptake can be determined by fluorescence microscopy and 
flow cytometry by conjugating the free drug or the drug delivery system with a fluo-
rescent probe. Tagging the drug with fluorescent probe is not required in cases 
where the drug shows fluorescence at wavelength (e.g., doxorubicin shows red fluo-
rescence when excited at 480 nm).

Procedure for Confocal Microscopy
• Label the free drug or delivery system with a fluorescent probe if required.
• Culture the cells as mentioned above (In vitro cellular uptake culturing of cells).
• Sequentially treat coverslips measuring 14  mm in diameter (Thermofisher 

Scientific, Catalogue number: CB00140RA020MNT0) with 5% HCl, 30% 
HNO3, and 75% alcohol for 10 minutes. Place the coverslips in a 24-well cell 
culture plate.

• Seed the appropriately identified cells for the purpose/expressing the receptor of 
interest into each well with 1 ml of fresh medium and culture at 37 °C, 5% CO2, 
for 12 hours for cells to attach onto the coverslips.

• Discard the medium and add free drug, delivery system without the drug, drug 
delivery system (at least five different drug concentration).

• Incubate the cells for 4 hours 37 °C, 5% CO2.

• After incubation, wash the cells thrice with PBS to remove any traces of free 
drug, delivery system without the drug, drug delivery system, not internalized by 
the cells.

• Fix the cells with 2.5% glutaraldehyde for 15 minutes at 4 °C. Glutaraldehyde is 
stronger protein cross-linker and preserves the cell ultrastructure as compared to 
other aldehyde fixatives such as formalin and paraformaldehyde.
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• If fluorescent probe is not used (when drug itself shows fluorescence), counter-
stain the cells with Hoechst 33342 (1 mg/ml) for 15 minutes at 37 °C. Hoechst 
33342 is a fluorescent dye which binds to double-stranded DNA, and it is used to 
counterstain the nucleus. Localization of the fluorescent dye is determined laser 
scanning confocal microscope.

Procedure for Flow Cytometry
• Label the free drug or delivery system with a fluorescent probe if required.
• Culture the cells as mentioned in above (In vitro cellular uptake culturing of 

cells).
• Seed the cells expressing the receptor of interest in 24-well cell culture plate 

1 day prior the experiment to bring the cells to confluence. Culture at 37 °C, 5% 
CO2.

• Discard the medium and replace with 1 ml of fresh medium containing the free 
drug, delivery system without the drug, and drug delivery system (at least five 
different drug concentration).

• Incubate the cells for 4 hours at 37 °C, 5% CO2.

• After incubation, wash the cells thrice with PBS to remove any traces of free 
drug, delivery system without the drug, and drug delivery system, not internal-
ized by the cells.

• Trypsinize the cells to facilitate cell detachment using 0.5% Trypsin-0.25% 
EDTA solution. Add double amount of growth media to neutralize trypsin fol-
lowed by centrifugation. Resuspend the cell pellet in PBS and analyze the cel-
lular uptake using FACS flow cytometer. The intensity of fluorescent signal in 
the cells is directly proportional to the cellular uptake of the formulation.

10.4  Important Considerations

• All the solutions should be prepared in media appropriate for the selected cell 
lines.

• A control should be maintained comprising of cells grown in the fluorescent 
probe without the drug and/or the delivery system.

• The abovementioned method can be modified to determine the subcellular distri-
bution of the drug. The cell pellet obtained in the above method is washed with 
0.25 M sucrose-1 mM EGTA-3 mM imidazole followed by homogenization with 
a Dounce tissue grinder. The homogenate is then subjected to fractional centrifu-
gation for 10 minutes at 770, 625, and 500 g to obtain nuclear and cytoplasmic 
fractions. The cytoplasmic fraction thus obtained can be further fractionated by 
high-speed centrifugation at 145,000 g for 30 minutes into “granule fraction” 
comprising of bulk of cells, organelles, and membranes in form of a pellet and a 
supernatant fraction consisting of soluble proteins and free ribosomes.
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AMH, see Anti-Mullerian hormone (AMH)
Aminolevulinic acid, 501
Amino-triphenyl dicarboxylate-bridged Zr4+ 

metal-organic framework nanoparticles 
(NMOFs), 215

Amphiregulin (AREG), 240
β-Amyloid fibrils, 305
Anaplastic large cell lymphoma (ALCL), 219
Anaplastic lymphoma kinase (ALK), 233
Ancillary targets, 165
Androgen receptor (AR), 115
Androgen receptor antagonists, 123
Androgen response elements (ARE), 116
Androgens, 120
Ang2 inhibitor (recombinant peptide-Fc- 

fusion protein), 215
Angiogenesis, 53, 490, 529
Angiogenesis factors, 189
Angiogenic paracrine factors, 490
Anilinoquinazoline tyrosine kinase inhibitor, 242
Annexin V, 493
Annexin V-FITC/propidium iodide assay, 

534–536
Antagonists, 287, 393
Antiangiogenic activity, 527
Antiangiogenic drugs, 215
Antiapoptotic proteins, 188
Antibiotics, 341
Antibodies, 9, 59, 411, 464, 471
Antibody-dependent cell-mediated 

cytotoxicity (ADCC), 84
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Antibody-directed enzyme prodrug therapy 
(ADEPT), 59

Antibody–drug conjugates (ADC), 59, 133
Antibody-mediated cellular cytoxicity 

(ADCC), 242
Antibody-nanoshell conjugates, 192
Anticancer drugs, 485
Anticancer vaccines, 445
Anti-CD antibodies, 393
Antidiabetic agents, 160
Antiestrogens, 124
Antifolates, 411
Antigen–adjuvant complexes, 339
Antigen-presenting cells (APCs), 339
Antihuman TfR, 471
Anti-infective drugs, 340, 485
Anti-mucin 1 aptamer (Apt), 206
Anti-Mullerian hormone (AMH), 202
Antineuroblastoma, 215
Antiprogestins, 90
Antiproliferative activity, 96
Antiretroviral, 510
Antisense oligonucleotides, 336
Antitumor agents, 340
Anti-VEFG intraceptor, 254
Antiviral agents, 340
APC, see Adenomatous polyposis coli  

(APC)
APCs, see Antigen-presenting cells (APCs)
Apolipoprotein, 51
Apolipoprotein A1, 159
Apoptosis, 199, 492
Apoptotic bodies, 493
Apoptotic cells, 300
Aprotinin, 53
Apt, see Anti-mucin 1 aptamer (Apt)
Aqueous lecithin dispersions, 488
Arabinogalactan (AG), 362
Arachidonic acid, 246
Aromatase inhibitors, 88
β-Arrestins, 174, 179
Arthritis, 342
ASGP-R, see Asialoglycoprotein receptors 

(ASGP-Rs)
Asialoglycoprotein receptors (ASGP-Rs), 204, 

355, 372
Aspartic acid, 250
Aspartic acid-arginine-tyrosine, 145
Astrocytes, 47
Atazanavir, 422
ATCC, see American type culture collection 

(ATCC)
Atherosclerosis, 281
Athymic nude BALB/c mice, 254

ATPase inhibitors, 506
ATP-binding cassettes (ABC), 98
ATP-competitive, 251
ATX, see Autotaxin (ATX)
Autoimmune, 414

diseases, 328
events, 257

Autophosphorylation, 153, 208
Autotaxin (ATX), 175
Axin-1/axin-2 (tumor suppressor proteins), 188

B
Bacillus Calmette-Guerin (BCG), 342
Bacterial flagella, 336
Bacterial flagellin, 330
Bacterial load, 509
Bactericidal, 540
Bacteriostatic, 540
Basal lamina, 47
B-cell receptor (BCR), 390
BCG, see Bacillus Calmette-Guerin  

(BCG)
BC staging, 82
Betacellulin (BTC), 240
Biantennary oligosaccharides, 361
Binding affinity, 356
Bioavailability, 154
Biochemical, 502
Biodegradable, 468
Biological functions, 389
Biomarkers, 313, 448
Biotin, 371
Bladder cancer, 414, 501
Block polymers, 99
B lymphocytes, 325
BMPs, see Bone morphogenetic proteins 

(BMPs)
BMP type II receptor, 210
200-μl Boiling double-distilled, 528
Bombesin receptors (BBR1, BBR2 and 

BBR3), 236
Bone morphogenetic proteins  

(BMPs), 202
Bone sialoprotein, 55
Boron nitride nanoparticles, 418
Bradykinin receptors, 237
BRCA1 mutations, 91
BrdU, see Bromodeoxyuridine (BrdU)
BrdU-labeled assay, 526–527
Bromodeoxyuridine (BrdU), 487
α-Bromophosphonate, 187
Bronchioloalveolar carcinoma, 233
Burkholderia cenocepacia, 504
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C
Ca2+-dependent phospholipid-binding  

protein, 534
Calcium ion mobilization, 178
Ca2+ levels, 360
CAM, see Chorioallantoic membrane (CAM)
Camptothecin, 371, 418
Cancer, 5

metastasis, 490
progression, 174
stage, 459

Cannabinoid receptors, 192
Canonical Wnt β-catenin pathway, 188
Capillary blood vessels, 527
Carbocyclic phosphothionate, 187
Carbohydrate recognition domain (CRD), 358
Carbohydrates, 300
Carbon nanoparticles, 418
Carbon nanotubes, 312, 418
Carcinogens, 233
Caspase-3, 161
Caspase activation, 536, 537
Castration-resistant prostate cancer (CRPC), 114
Cathelicidins, 12
Cathepsin B, 180
Cationic proteins, 49
Cation-supplemented, 537
Caveolae, 241
Caveolin, 7
Caveolin-1, 16
Caveosomes, 16
CC receptors, 273
CD3 complex, 386, 387
CD4, 387
CD8, 387, 393
CD8-T cells, 339
CD19, 388, 390
CD20, 388, 391
CD36, 303
CD44, 385, 389
CD45, 435
CD68, 305
CDKs, see Cell cycle-regulated kinases 

(CDKs)
Cell cycle analysis, 492, 532–533
Cell cycle-regulated kinases (CDKs), 214
Cell cycle regulation, 164
Cell differentiation, 162
Cell internalization, 6
Cell line-derived xenograft model, 495
Cell-penetrating peptides (CPP), 22
Cell programming, 164
Cell proliferation, 276, 489, 526–527
Cell surface receptors, 173

Cellular proliferation, 409, 487
Cellular signals, 173
Cellular trafficking, 438
Cellular uptake, 504, 541
Central nervous system, 337
Cerebral malaria, 280
Cervical and ovarian cancers, 111
CFP-YFP, see Cyan fluorescent protein–

yellow fluorescent protein (CFP-YFP)
CFU, see Colony-forming unit (CFU)
Chemo-endocrine therapy, 94
Chemokine receptors, 175
Chemokines, 273
Chemorefractory ewing sarcoma, 219
Chemotactic, 490
Chemotherapeutic agent, 503
Chemotherapy, 58, 199, 259
Chimeric (mouse/human) monoclonal 

antibody, 244
Chitosan nanoparticles, 248, 417
Chlamydiae, 485
Chloroquine, 12
Cholesterol, 51
Cholesterol ester, 300
Chondroitin sulfate, 391
Chorioallantoic membrane (CAM), 490, 529
Chromatin-remodeling proteins, 188
Chronic inflammatory bowel disease, 161
Chronic lymphocytic leukemia (CLL), 395, 

399, 414
Chronic myelogenous leukemia, 154
Circular dorsal ruffles (CDR), 7
Cisplatin, 415
C-Kit, 144, 151
Clathrin, 7
Clathrin-coated pits, 15
Clathrin-mediated endocytosis, 241
Cleft like structure, 460
CLIC/GEEC, 19
Clinical and Laboratory Standards Institute 

(CLSI), 537
Clinical pilot trial, 163
Clinical trials, 68, 93, 128
C-lobe, 460
Clostridium difficile toxin B (TcdB), 190
CLSI, see Clinical and Laboratory Standards 

Institute (CLSI)
Cluster differentiation 44 (CD44), 236
Cluster of differentiation (CD) molecules, 330
CmAbs, 400
C-MET receptor, 247
C-Met tyrosine kinase receptor, 200
CNS diseases, 473
Coexpression, 240
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Cofilin, 10
Coiled-coil, 300
Collagenous domain, 301
Collagens, 55
Collectins, 9
Colocalization, 507
Colon cancer, 463
Colonic endoscopic biopsies, 192
Colony-forming unit (CFU), 509
Colony-stimulating factor 1 (CSF-1), 214
Colorectal, 463
Colorectal cancer, 143, 414
Combination therapy, 129, 254
Competitive binding, 473
Competitive inhibition, 251
Competitive inhibition assay, 505
Complement-mediated toxicity, 242
Complement receptors (CR), 10
Computed tomography (CT), 248
Computer-aided screenings, 335
Concancamycin-A, 12
Conditional transgenic models, 502
Confirmed response rate (CRR), 256
Control of substances hazardous to health 

(COSHH), 533
Coordinate bond, 360
Copper nanoclusters, 421, 472
Co-receptors, 330, 390
Coronins, 10
COSHH, see Control of substances hazardous 

to health (COSHH)
CpG motifs, 328
CRD, see Carbohydrate recognition domain 

(CRD); Cysteine-rich domain (CRD)
Crithidia fasciculata, 532
Crohn’s disease, 337
Cryo-anesthetize, 529
CSF-1, see Colony-stimulating factor 1 

(CSF-1)
C-terminal, 436
CTLDs, see C-type lectin domains (CTLDs)
C-type lectin domains (CTLDs), 434
C-type lectin superfamily, 434
Curcumin, 421, 498
CXCL12, see C-X-C motif chemokine 12 

(CXCL12)
C-X-C motif chemokine 12 (CXCL12), 143
CXC receptors, 274
Cyan fluorescent protein–yellow fluorescent 

protein (CFP-YFP), 494
CyclinD1/CDK4/6 pathway, 89
Cyclin-dependent kinase inhibitor p27/Kip1, 146
Cyclodextrin, 473
CYLD, see Cylindramatosis protein (CYLD)

Cylindramatosis protein (CYLD), 335
Cysteine-rich domain (CRD), 187
Cytokine receptor, 151
Cytoplasmic domain, 358
Cytoplasmic tail, 52
Cytoskeletal function, 250
Cytosol, 464
Cytosolic, 21, 506
Cytostatic, 199
Cytotoxic drug, 95
Cytotoxic T lymphocytes (CTLs), 387
Cytotoxicity, 421

D
DA, see Dodecylamine (DA)
DAG, see Diacylglycerol (DAG)
Damage-associate molecular patterns 

(DAMPs), 326
DAMPs, see Damage-associate molecular 

patterns (DAMPs)
Daunorubicin, 415
Decatenation, 532
Deep epidermis, 460
Defensins, 12
Delivery, 248
Dendrimers, 65, 99, 471
Dendritic cells, 325, 421
Development, 459
Dextran, 288, 362
Diacylglycerol (DAG), 178, 183
Diacyl lipopeptide, 327
Diagnostics, 67
Dihydrofolate reductase enzyme, 411
5α-Dihydrotestosterone (5 α-DHT), 115
Dimerization, 120
Discoid, 101
Dishevelled (DSH), 191
Disintegrin, 240
Disulfide-bonded dimers, 208
Disulfide bonds, 436
Disulfide bridges, 52
Dlg1, see Drosophila disc large tumor 

suppressor (Dlg1)
DNA, 409

aptamers, 209
hydrolysis, 527

Docetaxel, 419
Docosahexaenoic acid (DHA), 65
Dodecylamine (DA), 471
Domains, 201, 460
Double-blinded, 256
Downregulate, 439
Downstream target, 254
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Doxorubicin, 67
DPPC, 61
DPPG, 61
DRD2, see GPCR dopamine receptor 2 (DRD2)
Drosophila disc large tumor suppressor 

(Dlg1), 182
Drug conjugates, 395
Drug discovery, 524
Drug susceptibility, 509
DRY motif, 145
DSH, see Dishevelled (DSH)
DSPE, 61
DT-diaphorase (DTD), 245
D-α-tocopheryl polyethylene glycol 1000 

succinate (TPGS), 468
Dual fret quenching nanoprobes, 181
Dual-PPAR-γ/α agonists, 159
Duffy antigen receptor, 279
Dysplasia, 496

E
Early endosomes, 438
Ebola virus (EBV), 328
EBV, see Ebola virus (EBV)
Echinoderm microtubule-associated protein- 

like 4 (EML4), 256
Echinoderm microtubule-associated protein- 

like 4-anaplastic lymphoma kinase 
(EML4-ALK), 236

Ectodomain, 460
Ectopic, 494
EGFR-mutant, 254
Egg phosphotidylcholine, 61
Elasticity, 32
Electrostatic interactions, 52
EMT, see Epithelial-mesenchymal transition 

(EMT)
Endo180, 442
Endocytosis, 6
Endo-estrogens (E2), 119
Endogenous ligand, 505
Endolysosome, 327
Endometrial ovarian cancer (EOC), 114
Endoplasmic reticulum, 27, 329
Endosome, 357
Endothelial, 303
Endothelial cell migration assay, 490, 530
Endothelial cells, 438
Enhanced permeability and retention (EPR), 50
Epidermal growth factor (EGF), 240
Epidermal growth factor receptor (EGFR), 232
Epigen (EPG), 240
Epiregulin (EPR), 240

Epithelial-mesenchymal transition (EMT), 
212, 497

Erb2 receptor, 240
ErbB family of receptors, 234
ERK, see Extracellular signal regulated kinase 

(ERK)
ERK1/2 MAP kinase pathway, 211
ERK1/2 prosurvival pathway, 186
Escherichia coli, 504
Esophageal, 161
Estrogen receptors (ERs), 86, 118
Estrogen response elements (ERE), 119
Ethylene glycol-bis(β-aminoethyl ether)-

N,N,N′,N′-tetraacetic acid  
(EGTA), 543

Etoposide, 470
E3 ubiquitin ligase Cbl, 239
Exacerbation, 343
Exons, 164
Exosomes, 204, 510
Experimental metastasis, 499
Experimental metastatic mouse model, 499
Extended release tablet, 164
Extracellular matrix, 338
Extracellular signal regulated kinase  

(ERK), 192
Extra-hepatic, 355

F
Fab region, 9
Fallopian tube, 131

adenocarcinoma, 413
cancer, 219

Family, 434
Fc receptor, 9
Feedback loops, 257
Ferric ions, 460
Ferritin, 300, 466
Fibrinogen, 338
Fibroblast growth factor (FGF), 53, 200,  

215, 528
Fibronectin, 55, 338
Fibronectin type II (FnII), 436
Fibronectin type III (FnIII), 205
Ficolins, 9
First-line therapy, 253
Fish gelatin methacryloyl-based nanogels, 488
Fixation, 527
FKBPI2, see Immunophilin FK506-binding 

protein (FKBPI2)
Flagellin, 336
Flagellin–ovalbumin (OVA) fusion protein, 339
Flotillin, 17
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Flow cytometry, 492
Fluorescence imaging reporter, 494
Fluorescence microscopy, 505, 542, 543
Fluorescent imaging, 421
Fluorescent probes, 368
5-Fluorouracil (5-FU), 468
FnIII, see Fibronectin type III (FnIII)
Foam cells, 299
Folate-methyl-β-cyclodextrin, 420
Folate receptor (FR), 234, 409
Folate receptor alpha (FRα), 234
Folic acid, 398
Folin-Ciocalteu/biuret method, 542
Folkman, J., 527
Follicle-stimulating hormone (FSH), 87, 114
Förster resonance energy transfer (FRET), 

494, 536, 537
Forward scatter (FS), 533
FRET, see Förster resonance energy transfer 

(FRET)
Frizzled receptor (FZD), 187
FS, see Forward scatter (FS)
5-FU, see 5-Fluorouracil (5-FU)
Fully human IgG1 monoclonal antibody, 244
Functional domains, 177
Fungal ligands, 441
Fungi, 485
Fusogenic peptides, 23
FZD, see Frizzled receptor (FZD)

G
Gab1, see Grb2-associated binding protein 1 

(Gab1)
Gadolinium, 422
Gal, 363
Galactosamine, 362
Galactose, 360
Galactosides, 360
Galactosylated chitosan, 362
Gantrez AN-119, 422
Gas chromatography (GC), 505
Gastric adenocarcinoma, 392
Gastric tumors, 392
Gastroenteropancreatic neuroendocrine tumors 

(GEP-NETs), 148, 163
Gastrointestinal stromal tumors (GIST), 151
Gating, 533
GBM, see Glioblastoma multiforme (GBM) 

tumor
GC, see Gas chromatography (GC)
G1 cell cycle arrest, 162
GDFs, see Growth and differentiation factors 

(GDFs)

Gelatin, 397
Gelsolin, 10
Gemcitabine, 371, 498
Gemcitabine monophosphate (GMP), 215
GEMMs, see Genetically engineered mouse 

models (GEMMs)
Gene delivery, 371
Gene-directed enzyme prodrug therapy 

(GDEPT), 59
Gene therapy, 128
Genetically engineered mouse models 

(GEMMs), 494, 499
Genetic and epigenetic alterations, 231
Genetic approaches, 507
Gene therapy, 128
GEP-NETs, see Gastroenteropancreatic 

neuroendocrine tumors (GEP-NETs)
Germline transgenic and conditional 

transgenic models, 494
GFP, see Green fluorescent protein (GFP)
Gi/o proteins, 146
GIST, see Gastrointestinal stromal tumors 

(GIST)
GIT cancers, 143
Glioblastoma multiforme (GBM) tumor, 209
Glioblastomas, 252, 344
Gliomas, 47
Glycerophospholipid, 182
Glycine (G), 250
Glycogen synthase kinase-3β, 161
Glycolipids, 362
Glycoproteins, 362, 434
Glycosaminoglycans, 391
Glycosylation, 247, 460
GMP, see Gemcitabine monophosphate 

(GMP)
G2/M phase, 493
GNRHR agonists, 124
GNRHR antagonists, 125
Gold, 288
Gold nanoparticles, 100
Gold nanostars (NS), 101
Golgi apparatus, 27
Gonadotropin agonists (GNRh), 87
Gonadotropin-releasing hormone receptor 

(GNRHR), 114
GPCR dopamine receptor 2 (DRD2), 192
G-protein-binding pocket, 121
G-protein-coupled protease-activated receptors 

(PARs), 176
G-protein-coupled receptors (GPCRs), 112, 173
G-quadruplexes, 155
Granule fraction, 543
Graphene oxide nanosheets, 421
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Graphene quantum dots, 421
Grb2-associated binding protein 1 (Gab1), 203
Green fluorescent protein (GFP), 494
Greenwood, 145
Growth and differentiation factors (GDFs), 202
Growth control tube, 539
Growth factor receptor-bound protein 2 

(Grb2), 249
Growth factor receptors, 86
GTPase, 18
Guanosine, 338
Guanosine diphosphate (GDP), 285
Guanosine triphosphate (GTP), 285

H
Haemophilus influenzae, 504
Hairpin loop, 152
Hamster leishmaniasis model, 443
H-bonds, 360
HCC, see Hepatocellular carcinoma (HCC)
HCMV, see Human cytomegalovirus (HCMV)
HDL-like NP, see High density-like 

nanoparticle (HDL-like NP)
Head and neck cancer, 413
Heat shock protein (HSP90), 84
HEK293T, see Human embryonic kidney 

293T (HEK293T)
Helical, 460
α-Helices, 410
Heparan sulfate, 391
Heparan sulfate proteoglycans, 216
Heparin-binding EGF (HB-EGF), 240
Heparin-binding homodimeric glycoprotein, 252
Hepatitis, 364
Hepatocellular, 371
Hepatocellular carcinoma (HCC), 162, 358, 472
Hepatocyte growth factor (HGF), 200–202, 247
Hepatocytes, 355
HEPES, 536
HER-2 + BCs, 83
HER-2 receptor, 82
Heteroaromatic, 205
HFE, see Human hemochromatosis protein 

(HFE)
HGF, see Hepatocyte growth factor (HGF)
HIF, see Hypoxia-inducible factor (HIF)
High density-like nanoparticle  

(HDL-like NP), 340
High-density lipoprotein cholesterol, 159
High-grade serous ovarian cancer  

(HGSOC), 129
High-performance liquid chromatography 

(HPLC), 505, 542

High-throughput, 485
Histogram plot, 535
Histological, 502
HIV, see Human immunodeficiency virus 

(HIV)
3H-labeled thymidine (3H-T) assay, 487, 526
Hodgkin lymphoma, 389
Hollow manganese oxide nanoparticles, 101
Homodimer of transferrin receptor 1 (TfR1), 460
Hormone response elements (HRE), 116–117
HPLC, see High-performance liquid 

chromatography (HPLC)
HPV oncoproteins, 498
Human cytomegalovirus (HCMV), 328
Human embryonic kidney 293T  

(HEK293T), 204
Human epidermal growth factor receptor 2 

(HER2/neu), 234
Human epidermoid carcinoma, 497
Human hemochromatosis protein (HFE), 465
Human immunodeficiency virus (HIV), 279, 

280, 334
Humanized monoclonal antibody, 244
Human keratinocytes, 438
Human papilloma virus (HPV), 111
Human PBMCs, 337
Human serum albumin, 368
Human tumor xenograft, 189
Human umbilical vein endothelial cells 

(HUVECs), 204, 530
HUVECs, see Human umbilical vein 

endothelial cells (HUVECs)
Hyaluronan fragments, 338
Hyaluronic acid (HA), 362, 389
Hydrogen bond, 411
Hydrophobic, 61

amino acid, 116
fold, 436

Hydrophobicity, 31
Hydroxyapatite nanoparticles, 418
17 α-Hydroxyprogesterones, 120
Hypolipidemic fibrate drugs, 160
Hypothalamic–pituitary gonadal (HPG)  

axis, 120
Hypovascularization, 190
Hypoxia-activated prodrugs (HAP), 246
Hypoxia-inducible factor (HIF), 461
Hypoxia-inducible factor-1, 213
Hypoxic, 246

I
IC10/IC50 values, 486
IFN, 273
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IFN-γ, see Interferon-γ (IFN-γ)
IgA, see Immunoglobulins (IgA)
IGF, see Insulin-like growth factor (IGF)
IL-8, see Interleukin 8 (IL-8)
Imatinib, 416
Imidazoquinolines, 334
Immune chemokines, 273
Immunemodulators, 341
Immunocytochemical markers, 150
Immunoglobulin-like plexin-transcription 

(IPT) domains, 201
Immunoglobulins (IgA), 356
Immunoliposomes, 288
Immunomodulation, 94
Immunomodulatory, 356
Immuno nanoparticles, 397
Immunophenotyping, 385
Immunophilin FK506-binding protein 

(FKBPI2), 211
Immunoreceptor tyrosine activation motifs 

(ITAMs), 386
Immunoreceptor tyrosine-based activation 

(ITAM), 10
Immunotherapy, 259
Indirect targeting, 127
Infections, 326
Infectious diseases, 5
Inflammatory, 414

chemokines, 273
cytokines, 331
mediators, 274

Innate immunity, 304, 325
Inoculum size (colony-forming units/ml), 537
Inorganic nanoparticles, 312
Inositol triphosphate (IP3), 178, 183
Insulin IGF-I (Somatomedin C), 202
Insulin-like growth factor (ILGF), 204
Insulin receptor (IR), 204
Integrin receptor, 51
Interferon-β, 333
Interferon-γ (IFN-γ), 326, 393
Interleukin 8 (IL-8), 333
Interleukin receptor, 51
Interleukin-1 receptor-associated kinase 

(IRAK) family, 331
Intermolecular silencing, 158
Intracardiac injection, 499
Intracarotid injection, 499
Intracellular, 5
Intracellular trafficking, 146
Intracranially, 344
Intramolecular repression, 158
Intramuscular injection, 512
Intranasal, 510

Intraperitoneal injection, 499
Intraportal injection, 499
Intrasplenic injection, 499
Intravascular injection, 497
Invasion proteins, 188
In vitro PK/PD modeling, 503
Ion channel receptors, 112
Ion channels, 47
IP3, see Inositol triphosphate (IP3)
IPT, see Immunoglobulin-like plexin- 

transcription (IPT) domains
IR, see Insulin receptor (IR)
Iron, 459

chelator desferrioxamine, 461
oxide, 312
oxide nanoparticles, 100

Iron regulatory proteins (IRPs), 461
IRPs, see Iron regulatory proteins (IRPs)
Ischemic reperfusion injury, 186
Isoforms, 409

J
JNK, see Jun N-terminal kinase (JNK)
Jun N-terminal kinase (JNK), 203
Juxtamembrane domain, 152

K
Kaposi’s sarcoma, 438
Kinase, 249
Kinetoplast DNA, 532
KIT proto-oncogene receptor tyrosine kinase, 144
Knockins, 502
Knockouts, 502
KRAS signaling cascade, 244

L
LA, see Lactobionic acid (LA)
Labeling, 526
Lactobionic acid (LA), 362, 370
Lactoferrin receptor, 51
LAM, see Lipoarabinomannan (LAM)
Large-cell carcinoma, 231
Late endosomes, 438
Lateral tail vein injection, 499
Layer-by-layer, 156
LC-MS, see Liquid chromatography–mass 

spectrometry (LC-MS)
LCP, see Lipid/calcium/phosphate (LCP) 

nanoparticle
LDL receptor, 51
Lectin-like oxidized (LOX-1), 305
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Lectin receptor, 356
Leghorn chicken eggs, 528
Legionella pneumophila, 326
Legionnaires disease, 326
Leishmaniasis, 309
Leukemia, 414, 463
Leutinizing hormone (LH), 87
Ligand-based therapies, 164
Ligand-binding domains, 84
Ligand-dependent transactivation, 158
Ligands, 13, 116
Linker, 59
Lipid/calcium/phosphate (LCP) nanoparticle, 215
Lipid raft/caveolae-mediated endocytosis, 507
Lipid rafts, 301, 391
Lipinski’s rule, 49
Lipoarabinomannan (LAM), 327, 441
Lipopeptides, 333
Lipophilicity, 49
Lipopolyplex, 416
Lipopolysaccharide (LPS), 273, 305
Lipoprotein particles, 310–311
Lipoproteins, 333
Liposomes, 60, 99, 443
Lipoteichoic acid, 327
Liquid chromatography–mass spectrometry 

(LC-MS), 505, 542
Liver disease, 358
Liver infections, 372
Long-chain fatty acids, 305
Long-circulating liposomes, 489
Loop regions, 410
Low-density lipoprotein (LDL), 299
LPA-methyl phosphomonoester, 183
LPS tolerance, 341
Lung cancer, 413
Luteinizing hormone (LH), 114
Lymphangiogenesis, 253
Lymph nodal dissemination, 253
Lymphocytic leukemia, 389, 392
Lymphopenia, 344
Lysophosphatidic acid (LPA-1-acyl-2-lyso-sn-

glycero-3-phosphate), 182
Lysophosphatidylcholine, 175
Lysosomal enzymes, 461
Lysosomal targeting, 448
Lysosomes, 309
Lysozyme, 12

M
Macrophage colony-stimulating factor, 154
Macrophage receptor with collagenous 

structure (MARCO), 300

Macrophages, 13, 325
Macropinocytosis, 506
Magnetic nanocapsules, 100
Magnetic nanoparticles, 418
Magnetic resonance imaging (MRI), 206, 421
Major histocompatibility complexes (MHC), 339
Malaria, 280, 364
Malignant, 68
Malignant cells, 462
Mammographic screening, 80
Mannan, 448
Mannose conjugates, 442
Mannose oligosaccharides, 440
Mannose receptors, 434
Mannosylated cell walls, 439–440
Mannosylated vaccine, 442
MAPK, see Ras-dependent mitogen-activated 

protein kinase (MAPK)
Mass spectrometry, 192
Matrix metalloproteases (MMPs), 179
Matrix metalloproteinase, 55
McFarland standard, 538
Melanoma, 342
Membrane-assisted steroid signaling (MISS), 86
Membrane-spanning domain, 52
Memory T cells, 328
Meningitis, 473
Meningoencephalitis, 473
2-Mercaptoethanol, 536
Mesenchymal–epithelial transition (MET), 234
Mesoporous silica, 417
Mesoporous silica nanoparticles (MSN),  

209, 245
Metal-ion-dependent adhesion site (MIDAS), 54
Metalloestrogens, 119
Metalloproteinase family (ADAM), 240
Metastatic cancer, 414
Metastatic cancer model, 494
Metastatic colorectal cancer, 220
Metastatic disease, 496
Metastatic gastric carcinoma, 220
Metastatic gastrointestinal neuroendocrine 

tumors, 162
Metastatic renal cell carcinoma, 220
Metastatic tumors, 462
Methotrexate, 411
5-Methyl tetrahydrofolic acid, 410
Met nanobodies (anti-Met-NANAPs), 204
MHC, see Major histocompatibility complexes 

(MHC)
MHC class I molecules, 339
MIC, see Minimum inhibitory concentration 

(MIC)
Mice peritonitis model, 509
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Micelles, 128, 398, 418, 419
Microdilution technique, 503
Microemulsions, 64
Microribonucleic acids (miRNAs), 91, 156
Microspheres, 162
Migration, 276
8 Min, 535
Minimum inhibitory concentration (MIC), 

503, 537
miRNAs, see Microribonucleic acids 

(miRNAs)
Mitochondria delivery, 25, 26
Mitochondrial activity, 486
Mitogen-activated kinases pathway, 242
Mitogen-activated protein (MAP), 249
6 Ml of water, 528
MMPs, see Matrix metalloproteases (MMPs)
Molecular biomarkers, 260
Molecular mechanisms, 164
Molecular modelling, 334
Molecular probes, 507
Molecular targets, 199
Monoclonal antibodies, 99, 387, 389, 470
Monophosphoryl lipid A (MPL™), 339
Monotherapy, 95
(+)-Morphinan compounds, 337
Morphine, 336
Mortality (% survival), 509
Motifs, 438
Mouse models, 494
Mouse respiratory tract infection model, 509
MPL™, see Monophosphoryl lipid A 

(MPL™)
MRI, see Magnetic resonance imaging (MRI)
MSN, see Mesoporous silica nanoparticles 

(MSN)
mTOR, 93
MTT assay, 486–487, 525
Mueller–Hinton broth, 537
Multidomain receptors, 437
Multidrug resistance, 98
Multikinase inhibitor, 253
Multiple lung metastatic cancer, 252
Multiple sclerosis, 289, 337
Multitargeted inhibition, 155
Multivalent, 192
Murine dendritic cells, 337
MVD, see Microvessel density (MVD)
Mycobacteria, 485
Mycobacterium, 393

M. bovis, 342
M. tuberculosis, 326

MyD88, 331
Myddosome, 331

Myelogenous leukemias, 414
Mytomycin C, 245

N
N-acetyl-galactosamine, 360
Namalwa cells, 500
Nanocarrier, 287
Nanocomposite, 215
Nanodrug delivery, 29
Nanoemulsions, 64
Nanoformulations, 128, 309
Nanoparticles (NPs), 150
Nanopolymeric micelles, 497
Nanosheets, 398
Nanostructured lipid carriers (NLCs), 419, 470
Nanosuspension, 416, 422
Nanosystem, 12
Nanovectors, 101
Nanoworms, 181
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