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ABSTRACT

Cancer is a leading cause of global mortality, with lung cancer being among the most
prevalent types. The standard treatments, including surgery, radiation therapy, and chemotherapy,
face challenges such as cancer relapse, lack of specificity, and toxicity to healthy cells.
Nanotechnology has recently gained attention for potential cancer therapy, particularly in lung
cancer, through the development of nanoparticle-based drug delivery systems (NDDS). NDDS,
such as polymeric nanoparticles and nanocarriers, offer controlled and sustained drug-release
properties, biocompatibility, and promising anticancer effects. They can be tailored to target
specific receptors on lung cancer cells, leading to cancer regression. However, challenges like
route of administration, size, and immune clearance hinder their clinical use. The use of
nanotechnology in lung cancer treatment has shown fundamental advantages, such as localized
drug delivery and reduced toxicity to non-cancerous cells. Targeted drug delivery systems,
including nanocarriers like liposomes, are being developed to enhance drug efficacy and reduce
toxicity. NDDS has demonstrated the ability to address various challenges in cancer treatment,
offering advantages such as reduced toxicity and enhanced bioavailability at targeted tumor cells.
However, most NDDS, including liposomes and metal-based nanoparticles, are artificially
synthesized, leading to drawbacks such as immune response generation and capture by the
reticuloendothelial system (RES). The use of NDDS, such as polymeric nanoparticles and
nanocarriers, has shown promise in overcoming these challenges. They offer controlled and
sustained drug-release properties, biocompatibility, and the ability to target specific receptors on
lung cancer cells, leading to cancer regression. However, challenges like route of administration,
size, and immune clearance hinder their clinical use. Therefore, we propose to develop a lung

cancer targeted DDS by using extracellular vesicles (EVS).



EVs are naturally released nanovesicles from most of the cell types and biofluids such as
blood with a size range of 50-5000 nm in diameter, and facilitate intracellular communication,
carrying cargoes such as proteins, lipids, and nucleic acids. Interestingly, unlike nanoparticles, EVs
can evade the RES without any surface modification, and cause minimum toxicity. Therefore, EVs
isolated from human umbilical endothelial cells-derived EVs (HUVEC-EVSs) were chosen as a
carrier for drug delivery, because HUVEC have shown anti-angiogenic activity in lung cancer
mouse model. Further, to achieve the lung cancer specific targeting ability, HUVEC-EVs was
engineered to functionalize with GE11 peptide (GE11-HUVEC-EVS) via peptide post-insertion
technique, which binds to the epidermal growth factor receptor (EGFR); overexpressed on the
surface of lung cancer cells. The GE11-HUVEC-EVs was further loaded with Vinorelbine (GE11-
HUVEC-EVs-Vin), followed by their characterization, and evaluation in in-vitro and in-vivo lung

cancer models.
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CHAPTER 1

INTRODUCTION

A drug delivery system (DDS) consists of various formulations which enable therapeutic
substance to reach the desired site of action specifically without going to non-target sites [1]. In
nano drug delivery systems (NDDS), different biodegradable and biocompatible materials with
size approximately 10-100 nm are utilized as nanocarriers [2][3]. These nanocarriers can be either
natural or synthetic polymers, lipids, and metals such as nanoparticles [1][4]. Although NDDS
have been used with several drugs including anti-cancer drugs [5][6][7], very few have been
approved for use in humans by the Food and Drug Administration [8]. Cytotoxicity and rapid
clearance of most of the synthetic NDDS via the mononuclear phagocyte system or
reticuloendothelial system have been major bottlenecks in their transition from bench to bedside
in clinical setting [9][10]. Several approaches have been employed to modify the nanoparticles
(NPs). One example is coating the NPs with polyethylene glycol (PEG); this enhanced circulation
time but impeded interaction between the target cells or tissues and the NDDS, thereby interfering
with their biodistribution [11][12][13]. Another approach is to look for natural DDS, which could
be expected to yield higher therapeutic value owing to their better in vivo biocompatibility as
compared to the synthetic NDDS [14][15][16]. Extracellular vesicles (EVS) are natural
nanovesicles released from most cells and biofluids; they carry various cargo including nucleic
acids, proteins, and lipids [17]. EVs have attracted tremendous attention in the context of NDDS
due to their ability to facilitate intracellular communication and the transportation of cargo to the

target recipient cells [18][19]. Based on their size range and biogenesis, EVs are categorized into



three major types, namely exosomes, microvesicles (MVs), and apoptotic bodies (ABs) [20].
Exosomes are of endocytic origin. They have sizes in the range of 30-100 nm; structurally,
exosomes are composed of a lipid bilayer carrying cargoes of different composition including

functional proteins, DNA, mRNA, miRNA, and IncRNA (Figure 1) [21][22][23].
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Figure 1. Representative structure of an exosome and its composition. The representative
structure of an exosome, a type of extracellular vesicle, embodies a lipid bilayer enclosing various
bioactive molecules such as proteins, lipids, and nucleic acids. This intricate composition enables
exosomes to serve as potent mediators of intercellular communication, facilitating the transfer of
biological information and signaling molecules between cells in diverse physiological and

pathological contexts.



Exosomes, a type of extracellular vesicle (EV), are formed through a fascinating cellular process. This begins
with the inward budding of the plasma membrane, creating endosome vesicles that develop into
multivesicular bodies (MVBs). These MVBs can either fuse with lysosomes for degradation or merge with
the plasma membrane, releasing exosomes into the extracellular space.A wide variety of cells produce
exosomes, including blood cells, immune cells, epithelial cells, and even cancer cells. These tiny vesicles
have been detected in numerous bodily fluids, from blood and urine to cerebrospinal fluid and breast milk.
Their presence in such diverse locations underscores their importance in intercellular communication,
playing crucial roles in both normal physiological processes and disease states.Exosomes are characterized
by specific surface proteins, such as tetraspanins (CD9, CD63, CD81), heat shock proteins, and fusion
proteins. These markers distinguish exosomes from other types of EVs, like microvesicles (MVs) and
apoptotic bodies (ABs).MVs, another subtype of EVs, are larger than exosomes (100-1000 nm) and form by
directly budding off the cell membrane. ABs, on the other hand, are even larger (50-5000 nm) and are
released during programmed cell death.The field of EV research is rapidly evolving, with some scientists
proposing further subdivisions based on size, markers, and biogenesis. However, for the purposes of this
discussion, "EV" refers to the general category unless otherwise specified.This complex world of cellular
communication through EVs continues to fascinate researchers, offering potential insights into both normal

cellular function and disease processes.



Extracellular vesicles (EVs) have emerged as promising candidates for novel drug delivery systems.
Research has demonstrated their ability to transport miRNA and proteins to tumor cells, as well as deliver
chemical drugs to inhibit tumor growth. EVs offer advantages over artificial nanocarriers, including
enhanced evasion of macrophage phagocytosis and extended drug half-life in circulation. This review builds
upon previous summaries, focusing on recent advancements in EV surface modification techniques, the
significance of cellular origin, and the critical role of loading efficiency in EV-based targeted drug delivery.
We also explore the structural similarities between liposomes and EVs, highlighting their distinct functions
in targeted delivery.By harnessing the natural properties of EVs, researchers aim to develop more effective
and biocompatible drug delivery systems, potentially revolutionizing therapeutic approaches for various

diseases, particularly in cancer treatment.
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Figure 2. Biogenesis pathways followed by different types of EVs, namely exosomes, MVs,
and ABs. Exosomes, microvesicles (MVs), and apoptotic bodies (ABs) each follow distinct
biogenesis pathways. (A) Exosomes originate from the endosomal system, (B) MVs bud directly

from the plasma membrane, and (C) ABs are formed during cell apoptosis. These diverse pathways



reflect the unique cellular processes that give rise to these EVs, each playing specialized roles in

intercellular communication and cellular homeostasis.

1.1. Exosomes and liposomes: How similar are they?

Among various synthetic NPs, liposomes share some similarities with exosomes, one of the
major types of EVs. Figure 3 is a representative depiction of exosomes and liposomes in the
context of their structure and composition. Exosomes and liposomes are composed of lipid bilayer
membrane structure with various dissimilarities. The membrane of exosomes contains various
proteins such as tetraspanins, and lipids to enable effective uptake and targeting. Liposomes can
be produced via diverse amalgamation of lipids, and their circulation time can be extended by
using surface modification with polyethylene glycol. Although liposomes are produced
synthetically, their lipid bilayer structure is like that of exosomes. The formulation of liposomes
allows the loading of different types of cargo., For example hydrophilic molecules including DNA,
RNA, and siRNA can be encapsulated inside the aqueous core of liposomes, and hydrophobic
compounds including peptides, proteins, and antibodies can be encapsulated in the lipid bilayer of
liposomes [43]. Liposomes can be produced via various methods, such as sonication, membrane
extrusion, freeze-thaw, and micro-emulsification [44][45]; however production can be challenging
owing to the need for various chemical treatments. In addition, there are multiple steps involved
in the modification of the lipid bilayer of the liposomes by using ligands, proteins and other
functional elements [46][47]. Surface modification is a crucial factor in achieving targeted DDS.
Notably, the limitations due to the tedious and time-consuming steps in the functionalization of
the lipid bilayer of liposomes can be overcome via the application of EV-based DDS. Interestingly,
exosomes share similar physicochemical characteristics with liposomes; however, one important
difference is that exosomes, unlike liposomes, are released naturally, as mentioned earlier.

5



Importantly, exosomes can efficiently deliver exogenous hydrophilic molecules, and their intrinsic
biochemical similarities with that of their originating parent cells [48] enable them to perform
better in DDS, as compared to liposomes [49][50][51]. Table 1 enlists a comparison between
exosomes- and liposomes for application in DDS.

Recently, liposome- and exosome-EVs have been proposed as hybrid nanocarriers in
advanced DDS. For example, Sato YT et al. developed a hybrid exosome via the fusion of the
membranes of exosomes with liposomes employing the freeze-thaw technique. Particularly,
exosomes expressing specific membrane proteins were isolated from genetically modified cells,
then fused with several liposomes. Interestingly, the uptake assay revealed that the interactions
between exosomes and the recipient cells can be modified via the altering membrane lipid

composition or characteristics of exogenous lipids in hybrid exosomes [52].

Table 1. Comparison between exosomes and liposomes for DDS application.

Exosomes Ref. Liposomes Ref.

General The commonly used methods are [53] Most of the methods involve [55]

preparatio traditional  ultracentrifugation, [54] four basic steps: (a) Drying

n method density  gradient  separation, down lipids from organic
immunomagnetic beads, solvent. (b) Dispersing the lipid
ultrafiltration, and commercial in agueous media. (c) Purifying
reagent-based isolation. the resultant liposome. (d)

Analyzing the final product.
Yields Varies depending on isolation [54] Up to 100% by freeze-drying [56]
method; commercial reagent such
as Invitrogen kit could between
200-300 pg exosomal protein
amount, whereas
immunomagnetic  beads-based



Loading

efficiency

Advantages

Disadvanta

ges

isolation method produces least

amount of exosomes.

Low (5-50% depending on
methods)

High  organotropism  effect;
immune-compatible if isolated

from autologous donor cells.

Rapid clearance from blood after
in vivo administration; Low drug
loading efficiency; Unavailability
of universally accepted standard

manufacturing process.

[16,
57]

[58]
[60]

[60]

High (30-90% depending on

methods)

Increased efficacy and
therapeutic index of drug;
Increased stability via
encapsulation; non-toxic,
flexible, biocompatible,
completely biodegradable, and
non-immunogenic for systemic
and non-systemic
administrations;  reduce the
toxicity of the encapsulated
agent; reduce the exposure of
sensitive tissues to toxic drugs;
Site avoidance effect;
Flexibility to couple with site-
specific ligands to achieve

active targeting

Low solubility; Short half-life;
Sometimes phospholipid
undergoes  oxidation  and
hydrolysis-like reaction;
Leakage and fusion of
encapsulated drug/molecules;
Production cost is high; a few
stability issue

[59]

[55]

[55]



Clinical

progress

Engineered exosomes in [61]

preclinical development:
Exosome-lipid nanoparticle
hybrid loaded with RNA or DNA
(Anjarium Bioscience); Cow’s
milk exosomes loaded with RNA
or DNA (PureTech)

Engineered exosomes in phase-I
clinical trials:

Cell culture exosomes loaded
with KRAS-G12D siRNA (MD
Anderson Cancer Center), cell
culture exosomes loaded with IL-
12 or STRING agonist (Codiak
Biosciences)

Already available as clinical
products, for example Doxil®,
Ambisome®, DepoDur™,

[62]
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Figure 3. Comparative schematic illustration of exosomes and liposomes. Exosomes, natural
extracellular vesicles, and liposomes, synthetic lipid-based nanoparticles, exhibit distinct structural
features. Exosomes, derived from cells, encapsulate bioactive cargo within a lipid bilayer. In
contrast, liposomes are artificially constructed vesicles with a lipid bilayer enclosing an aqueous
core. This comparative schematic highlights the differences in origin and composition between

these two types of vesicles.



1.2. How crucial are isolation, yield, and characterization of EVs for

delivery purposes?

The isolation of EVs with good quality and high yield from culture-conditioned medium or
from biofluids is important for developing EV-based DDS. The isolation of different types of EVs
such as exosomes, MVs, and ABs can be carried out based on different parameters including size,
density, surface markers, and molecular composition [63]. The qualities and the yield of EVs
mostly depend on the type of method employed for their isolation and purification. The most
conventional method for isolating EVs is differential ultracentrifugation (DUC), which involves
multiple centrifugation steps to eliminate different particles, such as cell debris, at various steps,
eventually yielding exosomes in the form of pellets [64]. Although this method is widely used in
many labs, there are several limitations and disadvantages. First, it requires heavy instruments,
much time, much patience due to the tedious nature of the procedure, and large volumes of sample
[52]. Second, there is a probability of loss of and damage to the EVs due to the repeated
centrifugation steps.

Various other strategies have been developed including density gradient centrifugation,
immunomagnetic bead-based extraction, chromatography, ultrafiltration, and microfluidic device.
In addition, various commercial precipitation kits are available such as ExoQuick (from System
Biosciences), Total Exosome Isolation Reagent kit (from Thermofisher), and ExoSpin Exosome
Purification Kit (Cell Guidance Systems). The advantages and disadvantages of most of these
methods have been extensively reviewed elsewhere [53]. Regardless of the numerous available
methods, there is no agreement with respect to the best procedure for the isolation of different

types of EVs, delivering significant yields with consistent quality [65].
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Another important aspect that should be considered while isolating EVs for developing DDS
is the yield of EVs. This factor is particularly important in terms of the cost of production. Various
advanced methods have been reported recently for isolating EVs with better yield. For example,
Liu et al. developed an exosome total isolation chip (ExoTIC) for the size-dependent isolation of
EVs. This method was found to be simple, convenient to use, and modular; it produced a high
yield of EVs with enhanced purity from biofluids. Remarkably, ExoTIC reportedly achieved a
yield of EVs approximately 4-1000-fold higher as compared to the conventional techniques
including DUC [66]. Two other strategies have been explored for enhancing yield. One is
stimulation of donor cells with liposomes. One study revealed that incubation of tumor cells with
neutral and cationic-bare liposomes enhanced the release of EVs, suggesting that, depending on
physicochemical properties of liposomes, they can either behave as stimulant or depressant on the
release of EVs from tumor cells [67]. The second strategy is the application of stimulating agents,
for example in one study, monensin antibiotic has been shown to stimulate the release of EVsin a
calcium-dependent manner [68][69].

The source of EVs also plays a crucial role in determining the yield of EVs. For example,
mesenchymal stem cells (MSCs) have been reported to be a popular source of EVs for developing
into DDS [70]. Importantly, MSCs are easily available and can be produced on a large scale. MSCs
release the highest number of EVs as compared to other cell types [71]. In addition, the MSC-
derived EVs are reported to show better selective targeting of locations of inflammation and injury.
MSC-derived EVs migrate towards a tumor; this propensity can be utilized in developing potential
cancer treatments and in regenerative medicine [72]. The origin of EVs has been reported to
determine the ability of cells to target and transfer therapeutic cargo to specific recipient cells [73].

In summary, the isolation of EVs can be optimized for higher yield by considering the parameters
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of isolation technique and EV source. The precise characterization of EVs or modified EVs is
important in any EV-related study. It is critical to be able to establish whether isolated vesicles are
indeed EVs, and/or to validate the surface modification or the biochemical constituents of isolated
EVs [74][75]. Various methods have been extensively employed by numerous scientists to study
different parameters of EVs. These methods include measuring size distribution of EVsvia nano
tracking analyzer (NTA), determining the morphology and size via transmission electron
microscopy (TEM), and examination of exosomal proteins by immunogold-EM, Western blotting,
and enzyme linked immunosorbent assay (ELISA) [76]. These methods have already been
reviewed in detail elsewhere [77][78]. Recently, several new approaches have been employed by
different research groups. One example is the application of surface plasmon resonance (SPR) for
the study of surface markers. This method is useful for characterizing the subtypes of EVs based
on different proteins on their surface [79][80]. SPR technology has also been utilized for measuring
the concentration of EVs in solution; this is useful in the study of EV-based DDS [81].Despite
being an advanced, label-free tool, the SPR method has two serious drawbacks, namely the use of
various chemicals in the immobilization of antibody against target antigen to be detectedon the
surface of EVs, and the need to enhance sensitivity [82]. Another technique, atomic force
microscopy (AFM), entails the visualization of the three-dimension surface structure of EVs and
the study of their nano-mechanical characteristics [83]. Several other analytical tools are being
employed by different research groups to characterize and validate various types of surface of
modification of EVs, including Fourier Transform Infrared Spectroscopy (FTIR), and Raman
spectroscopy [84]. Several research groups have employed an integrated approach, combining

different techniques to achieve better characterization of EVs [85]. Each method, each tool has its
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own advantages and disadvantages; the selection of which tool to use mostly depends on the type

@f study to be done.

1.3. Surface modification of EVs for targeted delivery

Various strategies have been explored for the modification of EVs for targeted delivery such
as click chemistry, and genetic engineering. Various targeting molecules including aptamer- and

peptide anchorage to the surface of EVs have been employed, which will be described below.

1.3.1. Click chemistry

In this method, an alkyne group is attached to the surface of isolated EVs through 1-ethyl-3-
(3-dimethylaminopropyl)  carbodiimide-N-hydroxysuccinimide (EDC-NHS) condensation
reaction. The alkyne group further covalently attaches to the azido group of the targeting structure
(on the surface of EVs) in the presence of copper. This approach offers various advantages. First,
it is resistant towards fluctuation in temperature and pressure. Second, the reaction of click
chemistry can take place in an aqueous buffer as well as organic solvent, without consuming much
time. Thirdly, and importantly, the conjugation via click chemistry does not influence the size of
EVs nor their uptake by recipient cells [86]. Various groups have employed this approach for the
surface modification of EVs. For example, Jia et al. loaded superparamagnetic iron oxide
nanoparticles (SPIONs) and curcumin (Cur) into EVs and conjugated their membrane with
neuropilin-1-targeted peptide (RGERPPR, RGE) via click chemistry to achieve glioma-specific
targeting [87]. Liang et al. produced azido- modified EVs from MDA-MB-231 cells by changing
their glycosylation pathway, and the azido group on EVs further reacted with
azadibenzylcyclooctyne (ADIBO) fluorescent dyes via click chemistry, which were useful for in

vivo tracking [88]. Although the click chemistry method has been widely explored for surface
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modification of EVs, its use is limited by the non-specific interaction between the targeting
structure and the surface of EVs [89]. In addition, some scientists believe over-modification of
proteins on the surface of EVs with alkyne groups may inhibit the function of those exosomal

proteins [86].

1.3.2. Genetic engineering

Various proteins are present in the membrane of EVs such as CD9, CD63, CD81, and Lamp,
which can be conjugated with target ligands and can facilitate localized delivery of EVs [90].
Another crucial approach is engineering the donor cells producing the EVs by using plasmid
vectors. For example, Kim et al. performed co-transfection of pcDNA-cardiac targeting peptide
(CTP)-Lamp2b in HEK293 cells for producing EVs targeting cardiac cells [91]. Tian et al.
transfected immature DCs with pEGFP-C1-iIRGD-Lamp-2b plasmids for producing
IRGD(CRGDKGPDC)-Lamp-2b positive EVs to target breast cancer cells in vitro and in vivo [92].
Modification of the surface of EVs with peptides has also been explored owing to their small size,
high binding affinity, target specificity, low immunogenicity, and low toxicity. Moreover, peptides
re conveniently tunable and can be synthesized based on the information about their targeting
ligand and screening of library of peptides [93]. Leonard et al. conjugated targeting peptides
(having glycosylation sequence GNSTM) with EVs to suppress peptide loss and enhance the
delivery of EVs to neuroblastoma cells, suggesting that glycosylation does not ablate the

interaction between peptide and target [94].
1.4. Targeting molecules-based engineering of EVs

1.4.1. Aptamer-based surface modification of EVs
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Aptamers are short, single-stranded DNA, RNA, or xeno nucleic acid (XNA), which can be
produced with high specificity and affinity towards desired targets by PCR-based in vitro
selection;, this approach is referred to as systematic evolution of ligands by exponential enrichment
(SELEX) [95][96][97]. Aptamers have also been employed in surface modification of exosomes
for targeted delivery. For example, Wan et al. developed aptamer grafted EVs loaded with
paclitaxel for targeting breast cancer in vivo. To accomplish this, nucleolin-targeting aptamer
AS1411 was attached to cholesterol-polyethylene glycol covalently. The resultant compound was
anchored on the membrane of mouse DCs, followed by extrusion of cells by passing them through
micro constrictions to get EVs and loading with paclitaxel via sonication method [98]. In another
study, Pi et al. modified EVs by displaying an aptamer, which could bind to prostate-specific
membrane antigen and loaded the modified EVs with survivin siRNA. This aptamer decorated EV
loaded with surviving siRNA effectively inhibited the growth of a prostate cancer xenograft.
Moreover, the same EV-based delivery system displaying EGFR aptamer could inhibit orthotropic
breast cancer [99]. Zou et al. developed an aptamer-functionalized exosome for cell type-specific
delivery by employing diacyl lipid- sgc8 aptamer conjugates as the targeting ligands. The aptamer
sgc8 could specifically recognize membrane-bound protein tyrosine kinase 7 (PTK7), suggesting

its applicability as an important theranostic platform [100].

1.4.2. Peptide anchoring on EVs

Anchoring peptide on the surface of EVs is a successful strategy that has been employed by
many research groups for achieving targeted delivery. For example, Alvarez-Erviti et al.
engineered DCs for expressing Lamp2b, an exosomal membrane protein, conjugated with neuron-
specific RVG peptide. The exosomes were encapsulated with siRNA via electroporation. The

intravenous injection of RVG-targeted exosomes could deliver siRNA specifically to brain cells
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including neurons, microglia, and oligodendrocytes, and showed specific gene knockdown [101].
Zhang et al. performed conjugation of c(RGDyK) peptide on EVs isolated from mesenchymal
stromal cell (MSC), followed by loading with cholesterol-modified miR-210. This delivery system
was found to be effective for the treatment of ischemic stroke [102]. Another research led by Zhan
et al. engineered blood EVs via binding of magnetic molecules and endosomolytic peptides, L17E
on the surface of EVs, followed by co-embedding doxorubicin (Dox) and cholesterol-modified
miRNAZ21 inhibitor (miR-21i). Importantly, the surface engineering of blood EVs could enhance
the tumor accumulation and increased capacity to escape endosomes, thereby leading to specific

and efficient delivery of loaded cargoes to tumor cells in vitro and in vivo [103].

1.5. How crucial is the origin of exosomes for drug delivery?

There are various sources of EVs which can be employed for developing DDS (Figure 4). To
achieve the desired effect and to avoid any potential harmful effects, it is necessary to understand
the pros and cons of selecting any particular source. For example, the proportion of lipid to surface
protein in an EV differs, depending on the source [104]. This proportion can affect certain
properties that are crucial for effective delivery, and thus should be considered when selecting a
source. It has also been found that the proportion of certain lipids is enhanced in exosomes as
compared to the amount of lipids in their donor cells, such as sphingolipid, phosphatidylserine,
phosphatidylinositol, and cholesterol. These lipids facilitate in enhancing the rigidity of exosomal
membrane [105]. Another factor to consider is the relationship between surface proteins and target
cells. Some sources produce EVs with surface proteins that are detrimental to the recipient target
cells. A third factor is biocompatibility; and finally yield should also be taken into consideration
while making selection of donor source cells for isolation of EVs for developing into EVs-based

DDS.
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1.5.1. Choice between autologous and heterologous EVs

The choice between autologous and heterologous (also referred as allogenic) EVs for
developing into DDS is one of the crucial factors for effective delivery. It has been found that the
uptake of autologous EVs and the uptake of heterologous EVs by target recipient cells differ
distinctly. As the compositions of EVs have been reported to mimic their parent cells, the selection
of heterologous EVs may induce an immune response in the target recipient cells. Therefore,
theoretically, autologous EVs may be more suitable for therapeutic purposes [72]. In practice,
however, heterologous EVs from MSCs have been found to be safe and reliable for therapeutic
purposes. Still, we shouldn’t forget about autologous EVs, for example, pathological tissues are
generally considered waste; however, if the EVs from these tissues could be isolated and their
disease-causing cargo removed, these EVs could be valuable DDs [106]. Lessi et al. demonstrated
that human primary macrophage-derived EVs could deliver drugs efficiently, [107], suggesting
that autologous EVs derived from peripheral blood-derived primary monocytes could be suitable
as theranostic agents. The safety profile of these EVs needs to be assessed before developing them

into DDS; however, some evidence indicates they are safer than EVs derived from plasma [108].

1.5.2. Tumor-derived EVs

Tumor-derived EVs (TEVs) have been employed by many research groups for drug delivery
[109][110]. TEVs have several advantages compared to other delivery carriers. For example,
tumor cells release significantly high numbers of EVs [111], suggesting their suitability for studies
requiring large amounts of EVs. In addition, TEVs carry MHC class-1 molecules and antigens
specific to the originating tumor cells. Moreover, TEVs can induce immune response against
cancer cells by delivering antigens to DCs [112]. Interestingly, the tetraspanin proteins, common

markers for exosomes, have been found to bind with various ligands in a diverse range of tissues,
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suggesting their suitability for targeted delivery [113]. TEVs from melanoma patients have been
found to increase the release of myeloid-derived suppressor cells (MDSCs), crucial for avoiding
immune recognition [114][115]. It is striking that although TEVs have been shown to have
potential for targeted delivery, there is also a chance that they can initiate tumor progression due
to various of their constituents, such as urokinase plasminogen activator, which can promote
cancer cell invasion, and adhesion modulators like vimentin, and annexin Al [116]. Therefore,
again, selection of appropriate source for isolating EVs is a crucial factor for developing successful

and effective EV-based targeted DDS.

1.5.3. Immune cell-derived EVs

Another important source from which EVs can be isolated are immune cells. For example
cells like macrophages and monocytes have gained attention for EV-based immunotherapy
[117][118]. Immune cell derived EVs (IEVs) can evade phagocytosis, a clearance mechanism,
which is a major limitation for most of the other types of EVs. Therefore, IEVS possess longer
circulation time and better efficacy [119]. Importantly, the DC-derived EVs (DCEVs) seem to
have a great potential as various clinical studies have demonstrated their effectiveness on different
cancers. DCEVs play a major role as intercellular communicators in adaptive immunity for
modulation of immune responses. Therefore, most of the research related to DCEVs are about
immunotherapy of cancer leading to clinical advantage [120][121]. Notably, in a Phase-I clinical
trial, Escudier et al. reported the feasibility and safety of administering DCEVs pulsed with MAGE
3 peptides for immunization in melanoma patients under stage- 111/1V [118]. DCEVs have also
been found to promote tumor rejection via transporting peptide-MHC complexes from DCs

(exposed to an antigen) to other DCs (not exposed to same antigen) [117][122][123].

1.5.4. Biofluid-derived EVs
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EVs derived from biofluids such as plasma [124], and ascites [125], have shown potential as
delivery carriers. Biofluid-derived EVs have several advantages as delivery carriers. For example,
unlike cell culture-derived EVs, plasma-derived EVs are enriched with lyso-phospholipids and do
not contain phosphatidylserine (PS). The absence of PS on the surface of plasma-derived EVs
prevent their removal from circulation [124][126]. In addition, plasma-derived EVs can cross the
blood-brain barrier (BBB), which suggests their applicability for brain delivery [124]. Ascites-
derived EVs along with granulocyte—macrophage colony-stimulating factor have been found to be
safe and effective for immunotherapy of colorectal cancer [125]. It has also been reported that
human peripheral blood-derived EVs loaded with miRNA have potential for treating cardiac
diseases [127]. Another study showed that EVs in peripheral blood can be important mediators of
lung injury via exosomal shuttling of miR-155 [128]. Blood EVs have been shown to be crucial
for targeting brain disease. For example, dopamine-loaded blood EVs can be used as delivery
platform in treating Parkinson’s disease and other central nervous system-related disorders [129].
Urine- and saliva-derived EVs have not been much explored for their therapeutic potential as
delivery carriers; however, they have been extensively studied for developing biomarker of
different diseases including cancer [130][131]. Conclusively, biofluids such as blood and ascites

are great sources of EVs for developing novel DDS.

1.5.5. Plant-and bovine milk-derived EVs

Due to safety concerns related to TEVSs and IEVSs, scientists have explored the applicability of
plant-derived EVs (PEVs) as DDS, such as grape-derived EVs [132] or bovine milk-derived EVs
(BMEVSs) [133]. There are several advantages of using PEVs as DDS, including better safety,
consistency of source, scalability for large production, and relative cost effectiveness [132].

Several research groups have isolated EVs from different plants or food sources and showed a
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diverse range of applications [134]. For example Ju et al. demonstrated that grape- derived EVs
are useful in protecting intestinal damage in mice via facilitating growth and differentiation of
intestinal stem cells [132]. Subsequently, Wang et al. demonstrated that modification of grapefruit
derived EVs improved their ability to target tumors and loaded those EVs with doxorubicin and
curcumin. Interestingly, those EVs were found to be effective against inflammation in vivo [135].
Bovine milk is another important source of EVs for DDS. Mungala et al. demonstrated the
enhanced activity of various therapeutic cargo loaded BMEVs against lung cancer in vitro and in
vivo. They further showed that modification of BMEVs with folate could enhance tumor-targeting
ability as compared to the free drug [133]. Recently, because many clinical trials for the treatment
of Alzheimer’s disease (AD) using synthetic drugs have failed [136][137][138], scientists are
trying to develop targeted delivery using EVs and developing precision medicine-loaded EVs for
the treatment of AD [139][140]. Plant-derived traditional medicine have been studied in preclinical
models of AD [141][142][143]. Targeted delivery of plant-derived bioactive components using

EVs could be more effective for the treatment of AD.
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Figure 4. Different sources of EVs for developing EV-based DDS, their advantages, and
disadvantages. Extracellular vesicles (EVs) sourced from diverse origins like cells, blood, and
tissues offer unique advantages for developing EV-based drug delivery systems (DDS). While
cell-derived EVs provide natural cargo loading, blood-derived EVs offer systemic delivery
potential. However, challenges such as isolation complexity and batch-to-batch variability exist.
Understanding these varied sources is crucial for harnessing the full potential of EVs in drug

delivery.

1.6. How does loading efficiency play a crucial role in EV-based DDS?

Loading therapeutic cargo into EVs is one of the crucial parts in the process of developing
EV-based DDS. The high loading efficiency of EVs ensures better bioavailability of the cargo
when it reaches the target site. The major factors that need consideration while loading any cargo
onto EVs are how better encapsulation or loading efficiency can be achieved, how the structural
integrity of EVs can be maintained, and how the functional properties of the therapeutic cargo can
be maintained.

Therapeutic cargo such as proteins, drugs, or small nucleic acids such as miRNA can be loaded
in two different ways. First, the therapeutic cargo can be incorporated into donor cells, followed
by isolation of EVs; this is referred to as in vitro loading [144]. Second, the therapeutic cargo can
be loaded after isolation of EVs via various methods including incubation, sonication,
electroporation, extrusion, permeabilization, or the freeze-thaw method; this is referred to as ex
vivo loading (Figure 5) [119]. In the simple incubation method, EVs are incubated with drugs,
and the drugs enter EVs via diffusion due to the concentration gradient. Incubation is found to be
suitable for loading hydrophobic drugs as they interact with lipid layers of EVs’ membranes

[145][119]. One disadvantage of simple incubation is low loading efficiency. Another method of
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loading is incubation of drugs with donor cells, followed by isolation of EVs [144]. Table 2
summarizes different loading methods with their advantages and disadvantages. The
physicochemical properties of the therapeutic cargo partially determine what method is employed
for their encapsulation in EVs. For example hydrophobic drugs such as curcumin can be loaded
within the inner layers of fatty acid via incubation, whereas hydrophilic molecules including
SIRNA, miRNA can be loaded by forming transient pores on the membrane of EVs via methods
like electroporation [101][146][16].

Recently, membrane permeabilization of EVs has been found to be a promising method for
enhancing the loading efficiency of EVs. Saponin has been shown to be particularly effective in
enhancing the loading of different cargos in EVs from various sources. Being a surfactant, saponin
is able to form a complex with cholesterol in the membranes of cells and create pores, thereby
facilitating permeabilization [147]. Haney et al. demonstrated that loading efficiency of catalase
into exosomes can be enhanced via incubation with saponin, as compared with simple incubation
technique. Interestingly, the activity of catalase was not affected by the saponin [119]. Another
recent research showed that passing saponin through the microfluidic channels enhances loading
of doxorubicin in glioma stem cell-derived exosomes as compared with other conventional
methods. The authors reported two different microfluidic channels; one linear. and another
sigmoid, which suggests that designing advanced microfluidic channels along with using
permeabilizing agent may have a synergistic effect to achieve augmented efficiency of loading
cargoes in EVs [16][57]. Fuhrmann et al. showed that incubation of a small hydrophilic molecule,
porphyrin, with saponin could enhance the loading efficiency as compared with a passive loading
technique excluding saponin [148]. Nevertheless, there are some concerns associated with the use

of saponin for in vivo purposes because of its hemolytic activity [147].
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Table 2. Different techniques for loading cargos in EVs with advantages and

disadvantages.

Loading . .
methods Steps involved Advantages Disadvantages Ref.
[101
Phospholipid bilayer of EVs 1[14
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" sonicated through probe - ) hY membrane eof EVS;
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. efficiency of membrane.
400 nm pore size at controlled
temperature.
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room temperature.
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1.7. Peptide-Conjugated Nano Delivery Systems for Therapy and
Diagnosis of Cancer

Despite numerous advancements and breakthroughs in cancer therapy and diagnosis, cancer still
ranks among the topmost causes of mortality in every country. In the year 2020, approximately 19.3
million new cases of cancer occurred, and merely cancer accounted for about 10 million deaths around
the world [154]. Conventional strategies including chemotherapy are challenged by the low
specificity and high toxicity toward cancer cells [155],[156]. There are various biological barriers
that hinder the successful delivery of therapeutic agents to the tumor site, for example, the tumor
microenvironment (TME), mononuclear phagocytic system, extravasation of nanoparticles (NPs),

cellular barriers, and drug efflux transporters [157], as portrayed in Figure 6.
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Figure 6. Graphic depiction of major barriers obstructing the nano delivery system (NDS), such as
the endosomal-lysosomal system, clearance of NDS via the mononuclear phagocytic system, and

endothelial barrier acting in the event of extravasation of NDS in cancer.

1.8. How TME and hypoxia impede drug delivery?

The complex nature of the TME is one of the crucial hindrances to the delivery of therapeutic
agents to the tumor site [158]. The TME consists of cellular components such as cancerous and
noncancerous stromal cells, blood vessels, lymphatic vessels, and immune cells. In addition, the non-
cellular components of TME are composed of cytokines, chemokines, mediators, and growth factors,
which are generally affected by the growth of cancer cells [159]. The extracellular matrix (ECM) is
another key element of the TME, which differs significantly in terms of composition and framework
compared to that under normal tissue. The ECM in the TME is highly abundant, stiffer, and denser,
forming another bottleneck to cancer therapy via shielding the cells from anti-cancer drugs.
Moreover, the enhanced stiffness of ECM in hypoxic TME has been found to activate the
antiapoptotic pathways and contribute toward the development of drug resistance in cancer cells
[160].

Therapies such as photodynamic and radiotherapy depend on oxygen, which is restricted by
hypoxic TME. When the eruptive growth of the cancer cells occurs, the supply of oxygen and the
nutrient is restricted from their neighboring blood vessels [161]. Under hypoxia, the transcriptional
factor, hypoxia-inducible factor-1a. (HIF-1a), induces the metabolic change from oxidative
phosphorylation to aerobic glycolysis, which is referred to as the Warburg effect [162]. The
proliferation and glycolytic metabolism in the cancer cells enhance the development of excessive
reactive oxygen species (ROS), which attack cellular components such as nucleic acid, causing

genomic instability and thereby altering the morphology of the cell [162]. Notably, the ability of
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ROS to regulate cancer cell survival is found to be cell type specific, for example as observed in
MCF-7 and MDA-MB-435 breast cancer cells [163]. In addition to the effect of ROS on cell
proliferation, the ROS-mediated activation of extracellular-regulated kinase 1/2 (Erk1/2) are found to
play an important role in the augmentation of cell survival, motility, and anchorage-dependent
growth of multiple cancers, such as ovarian cancer, breast cancer, melanoma, and leukemia [163].
Such an occurrence, with upregulation of the efflux pump for secreting lactic acid and carbonic
acid, leads to benefit the tumor cells as they live longer and succeed in their mission even in
extreme condition [164]. Therefore, under hypoxic TME, the delivery of a therapeutic agent to the
tumor site is obstructed [165][166]. Contrariwise, ROS has also been applied for therapeutics of
cancer by designing strategies to enhance the cellular level of ROS exuberantly in order to include
irrevocable damages, leading to the apoptosis of cancer cells. This can be accomplished via
chemotherapy or radiotherapy depending on the cancer type. For example, a combinatorial therapy
of pancreatic cancer with gemcitabine with trichostatin A, epigallocate-3-gallate (EGCG), capsaicin,
and benzyl isothiocyanate (BITC) are found to be working via increasing the intracellular ROS level
for triggering ROS [163]. In another research, it was found that gold(I11) porphyrin 1a could be a
potential anti-cancer lead by acting toward mitochondria, as ROS played a role in gold(111) porphyrin
la-induced apoptosis [167]. In addition, photodynamic therapy using a synthetic photosensitizer,
5,10,15,20-tetra-sulfo-phenyl-porphyrin (TSPP), is found to enhance the generation of ROS, leading
to the decrease in antioxidant capacity in tumor tissue [168]. In addition, palladium porphyrin
complexes are also found to generate ROS with higher efficiency. Interestingly, the palladium
porphyrin complex showed higher therapeutic activity as compared to free base porphyrin upon

irradiation with light [169].
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1.9. Mononuclear phagocytic system (MPS) as a barrier to drug

delivery

To fetch the desired therapeutic response of the drug, its successful delivery at the tumor site is
important, which again relies on the nature of the delivery system and its stability in the blood
circulation. Blood carries various proteins including globulin, albumin, and fibrinogen. Afterentry
of the nano delivery system (NDS) in the blood circulation, the blood serum proteins get adsorbed
on their surface and form a complex, which is referred to as protein corona [170]. The process of
forming protein corona is known as opsonization, which is generally followed by phagocytosis via
the macrophage, which is a type of immune cell in MPS [171]. Remarkably, theprocess of
opsonization and phagocytosis by the MPS facilitates the elimination of NDS from thesystemic

blood circulation.

1.10. How does extravasation react to NDS in the TME?

The presence of the vascular endothelial layer is another hurdle, which is required to be overcome
for the successful delivery of NDS at the tumor site. The vascular endothelial layer is composed of a
semi-permeable lining of the inner walls of blood vessels. In addition, a proteoglycan layer of
glycocalyx controls the permeability of molecules across the blood vessels [172]. The glycocalyx
layer has been found to be involved in the enhanced interactions with cationic particles by providing
a negative charge to the membrane of endothelial cells [173]. Therefore, the presence of glycocalyx

is a limiting factor for the extravasation of NDS in the TME, as it potentially conceals the NDS

28



[157],[174]. In addition, there are other factors that affect the extravasation of NDS, such as the
hydrodynamics of NDS, enhanced permeability, and retention, which favor the nano therapy of

cancer [157].

1.11. Cellular barriers as a bane to the nano delivery system

The passage of NDS through the endothelium of the blood vessels into the target site is another
obstacle. In general, the NDS cannot traverse through the endothelium; however, in disease
conditions, such as cancer, the integrity of the endothelium is compromised owing to the activation
of cytokines, and thereby, the endothelial cells’ gap is enhanced. Therefore, the NDS can reach the
pathological site by traversing through the abnormal endothelial gaps. Unfortunately, after escaping
the blood vessels associated with the endothelial barrier, the NDS confronts another hurdle while
traversing through the dense interstitial space and extracellular matrix (ECM) to reach the target site.
The composition of interstitial space including collagen and an elastic fiber network consisting of
proteins and glycosaminoglycan, which form ECM, forms a hydrophilic gel by the interstitial fluid,
which fills the interspersed spaces. Even though the ECM and interstitial space render structural
integrity to the tissue, under pathological conditions, including cancer, the collagen content is bigger
than that in healthy conditions. This suggests that the excessive firmness of ECM is a crucial barrier
that could obstruct NDS delivery [175]. Notably, the charged particles have been found to possess
enhanced interactions with the membrane, whereas uncharged particles—for example, PEGylated
NDS—show lesser interaction due to the steric hindrance. This leads to the accumulation of NDS

to form a cluster around the membrane and prevent the entry of successive NDS [157].
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1.12. How drug-efflux transporters can pump out therapeutic
agents?

Even though the NDS reach the target site after confronting various hurdles, there is a tiny
fraction of those that could make it to therapeutic efficacy by exerting intracellular cytotoxicity.
Interestingly, various solid tumors possess crucial machinery that facilitates the expulsion of drugs,
which is often referred to as drug-efflux transporters. For example, the overexpression of P-
glycoprotein (P-gp), a drug-efflux transporter, has been reported to be linked with the efflux of
anti-cancer drugs, and also the clinical refractoriness of anti-cancer drugs is associated with P-gp
[157]. In addition, there are several other hurdles associated with the obstruction of delivery of
NDS to the target site, which have been extensively reviewed elsewhere [176].

Recently, the conjugation of peptides and NDS (CPNDS) has emerged as a versatile technique
for multidisciplinary biomedical applications. Compared to antibodies-based targeted NDS, peptide-
conjugated NDS offers various advances: for example, most of the therapeutic monoclonal
antibodies (TMAS) do not target tumor-specific antigens (TSAS), it requires screening to select
monoclonal antibodies for dominant epitopes, the target must be antigenic for conventional
monoclonal antibodies, and it also depends on the strain of animals used. However, in case of
peptides, the target is not necessarily antigenic, and there is no requirement of prior information
about target molecules. In the context of intracellular transport, there is no selection criteria for
TMAs, and it is difficult to select during the screening process; however, in case of peptide-based
NDS, screening technologies offer a convenient selection of candidates, which could induce
endocytosis rapidly. In the context of the conjugation process, only =50% of the monoclonal
antibodies bind to the drug, making it difficult to predict the stoichiometry and drug position.

Moreover, the conjugation chemistry is limited to aqueous solutions. On the other hand, in case of
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peptide conjugated NDS, the augmented flexibility in conjugation chemistry for coupling to linker
and drug allows a wider selection of drugs, including compounds that are insoluble in water.
Notably, the significantly lower cost of production and enhanced product reproducibility make
peptide-conjugated NDS a preferred choice compared to the antibody-based NDS [177].

The synergistic integration between peptides and NDS allows effective customization of their
biological behaviors and facilitates overcoming the inherent limitations of the individual system.
Past decades have witnessed the development of several types of CPNDS for various applications
including therapeutic drug delivery and diagnostic imaging [178]. This work provides a
comprehensive overview of the existing and latest technologies and their application for the

development of CPNDS.

1.13. Techniques for Preparing CPNDS

The CPNDS can be prepared by the modification of as-prepared NDS by functionalization
with various peptides. In general, the major strategies employed are the chemical conjugation

method, ligand exchange method, and chemical reduction method.

1.13.1. Chemical Conjugation Method

In this method, the peptide of choice is attached to the NDS in two steps. First, the NDS is
capped by stabilizers (by using either hydrophilic shells or PEG derivatives), which contain active
groups that are suitable for binding peptides. Furthermore, peptides can be conjugated on the
surface of NDS via a reaction with stabilizers. This method has been found to be suitable for the
immobilization of positively charged or neutral peptides on gold nanoparticles (AuNPs) capped with
citrate [179][180]. Bartczak et al. demonstrated the conjugation of a positively charged KPQPRPLS
peptide (which binds to epidermal growth factor receptor (EGFR)) to carboxy terminated

oligoethylene glycol stabilized AuNPs by employing an EDC/sulfo-NHS (1-ethyl-3-(3-
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dimethylaminopropyl) carbodiimide hydrochloride/N-hydroxy sulfosuccinimide) coupling
technique [181]. In another research study, Fu et al. synthesized manganese-doped iron oxide NPs
(MnlO NPs) by the functionalization of monocyclic peptide (MCP, the CXC chemokine receptor

4 (CXCR4) antagonist) [182].

1.13.2. Ligand Exchange Method

“In this method, the existing ligand on the surface of NDS is displaced by the desired peptide
ligand. This method is the simplest approach for functionalizing the surface of NDS with peptides
[183],[184]. This method has been extensively employed for preparing cysteine (Cys, C)-containing
peptides functionalized AuNPs owing to the presence of the thiol group of cycteine, which is
capable of forming a strong S-Au covalent bond with the surface of AUNPs [185]-[186]. Lévy et al.
demonstrated that the cysteine—alanine—leucine—asparagine—asparagine (CALNN) pentapeptide is
capable of converting citrate-capped AuNPs to stable and water-soluble AuNPs equipped with
chemical features similar to proteins [186]. It has been shown that the CALNN peptide is mostly
captured in the endoplasmic reticulum due to its higher affinity toward the ER signal and its
capacity to penetrate the nucleus. Interestingly, the AuNPs modified with CALNN can be
functionalized with various biomolecules including nucleic acid and biotin, which is applicable for
biomedical application. Later, it was found that the Au-S covalent bond can be degraded by the
thiol group, which is often found in the biological system. Notably, the Tang group resolved this
limitation by developing a method for preparing peptide-functionalized AuNPs (peptide-Se-
AUNPs) via the Au-Se bond in lieu of the Au-S bond by employing a peptide with Se-modified

cysteine [187]-[188][189].

1.13.3. Chemical Reduction Method
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This method involves three steps: first, the metal ion precursor is premixed with a peptide in a
reaction solution. Second, a small amount of reducing agent is added to the reaction solution. Third,
the as-prepared peptide-functionalized NPs are purified [190]-[191][192]. Notably, the peptide is
responsible for reducing the metal ions and the stabilization of NPs. The presence of amino acid
residues in the peptide, for example, tyrosine, aldehyde-functionalized proline, and tryptophan, are
capable of reducing the metal ions to the metal via electron transfer [191][193]. Another research
study showed that peptides could act as a stabilizing agent; however, other chemicals such as
ascorbic acid and sodium borohydride can be used as reducing agents [194]. Corra et al.
demonstrated that the HH-dL-dD-NH: peptide can be employed as a capping agent to produce
palladium NPs (PdNPs), platinum NPs (PtNPs), and AuNPs equipped with high monodispersed and

colloidal stability in solution [192].

1.13.4. Peptide Conjugation of NDS for Therapy and Diagnosis of Cancer

A plethora of studies have shown the application of artificial bioactive peptides, and many of
those have been commercialized [195][196]. Despite tremendous advancements, most peptides
suffer from various limitations including lower binding affinity toward targets, lower selectivity
compared to the proteins, susceptibility to digestion by proteases [197], and shorter half-life [198].
Interestingly, the integration of peptides with various non-biological materials such as small
molecules, polymers, metals, and hydrogels have shown potential to resolve the inherent limitation
of peptides [199][200]. Especially, NDS have shown promising capacity to form conjugates with
peptide, which could not only alleviate the peptides’ function but also execute abiotic properties,
leading to synergistic effects. Therefore, the CPNDS has been considered a promising tool for cancer

therapy and diagnosis.
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As noted previously, various factors such as hypoxic TME, MPS, cellular barrier, and drug-
efflux transporters are major hurdles in nano delivery, and peptide-conjugated NDS have been found
to be useful to overcome these scenarios. In the context of hypoxic TME, stimuli-responsive peptide-
conjugated nano delivery systems have been developed. For example, pH-responsive insertion
peptides possess feasible interactions with the cell membrane at neutral pH, but they can penetrate
and form stable transmembrane complexes at acidic pH, which is suitable for targeting hypoxic TME
[201]. To overcome the MPS, Tang et al. developed RES-specific blocking systems employing a
“don’t-eat-us” approach, where a CD47-derived, enzyme-resistant peptide ligand was designed and
placed on a d-self-peptide-labeled liposome (DSL). Interestingly, it facilitated the long-lasting
masking of cell membranes, thereby reducing interactions between phagocytes and NDS [202].
Peptide-conjugated NDS have been found to be crucial to overcome the cellular barriers. There are
many successful examples of peptide-conjugated particles helping in the targeted delivery of dug to
the diseased cells and penetration across physiological barriers. For example, Georgieva et al. showed
the conjugation of the G23 peptide to polymersomes for in vivo and in vitro delivery of therapeutic
drug across the BBB [203]. Yao et al. reported that pDNA can be delivered across the BBB by
conjugating dendrigraft poly-L-lysines (DGL) NP to poly (ethylene glycol) (PEG) and a LIM Kinase
2 derived cell-penetrating peptide (LNP) [204]. Peptide conjugation has been found to be effective
in bypassing P-glycoprotein (P-gp), causing drug resistance [205][206].

For a long time, the selective targeted delivery of anti-cancer drugs to the target site has been a
major bottleneck in cancer therapy. In the prevailing condition, peptides have shown a great potential
for rendering targeted drug delivery selectively, warranting an alleviated performance for treating
fatal diseases, including cancer [207][208]. NDS can be engineered via functionalization with

specific peptides to achieve the targeted delivery of anti-cancer drugs to the target site (Figure 7).
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Table 3 enlists the promising CPNDS based on cancer type, their specific receptor, and the

conjugated peptide. There are various receptors, which have been employed as a target for peptide-

conjugated NDS for cancer therapy.
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Schematic illustration showing the peptide functionalized liposomal NDS acting on

receptors overexpressed on the surface of cancer cells via targeted delivery. The peptide

conjugated to the NDS binds specifically to the receptors upregulated on the surface of cancer

cells, which is followed by its uptake by the cancer cells through receptor-mediated endocytosis.
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Subsequently, the payload of the NDS is released by the degradation of the lipid bilayer via the

endosomal-lysosomal pathway.
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Table 3. Peptides used in conjugation with NDS for targeting cancer-specific receptors.

Type of Cancer Target Receptor Peptide Ref.
SSTR Octreotide [209]
alP5 integrin ATN-161 [210]
Breast cancer avP3 integrin Cyclic RGD [211]
KCCYSL [212]

HER?2
AHNP [213]
Colon cancer avp3 integrin Cyclic RGD [211]
Fibrosarcoma Aminopeptidase NGR [214]
SSTR Octreotide [215]
avp3 integrin Cyclic RGD [216]

Glioma
TFR T7ITAT [217]
Aminopeptidase NGR [218]
SSTR Octreotide [219]
Lung Cancer TFR T7ITAT [220]
LHRH LHRL [221]
avp3 integrin RGD [222]
Melanoma
avp3 integrin Cyclic RGD [211]
TFR T7 [223]
Ovarian cancer

HER2 LTVSPWY [224]
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1.13.4.1. CPNDS Targeting Somatostatin Receptor

Somatostatin receptors (SSTR) are transmembrane GPCRs that have been found to be
upregulated in several cancers, including adenocarcinoma and breast cancer [225]-[226].
Notably, the somatostatin peptide in its native form possesses a binding affinity toward
SSTR, making them an alluring targeting agent for cancer treatment [227][228]. However,
the somatostatin peptide possesses a shorter half-life owing to the enzymatic deterioration.
Hence, octreotide was developed, which is an analog of the somatostatin peptide that can
endure the enzymatic deterioration [227]. Various research groups employed the octreotide
peptide-based functionalized NDS for cancer treatment [209],[219]. Zhang et al. prepared
octreotide-PEG-distearoylphosphatidylethanolamine (DSPE), followed by developing
octreotide-modified PEGylated liposomes loaded with doxorubicin (DOX), which promoted
the delivery of DOX via an intracellular route. Notably, octreotide-functionalized NDS
showed enhanced toxicity toward SSTR2-positive cancer cells through endocytosis [219].
Another research by Chang et al. developed octreotide-functionalized PEGylated liposome
loaded with cantharidin, which could efficiently induce the cell death of MCF7 breast cancer
cells by specifically targeting somatostatin receptors and demonstrated the lowered toxicity
as compared to cantharidin alone [209].

The SSTR-based diagnosis of cancer has also been demonstrated; for example, SSTR-
based imaging of gastroentero-pancreatic neuroendocrine tumors has been conducted by
[111In-DTPAO]-octreotide(Octreoscan), octreotide chelator conjugates, 1,4,7,10-
tetraazacyclodocecane-N,N’,N”,N"-tetraacetic acid (DOTA)-d-Phel-Tyr3-octreotide
(DOTATOC), and DOTA-dPhel-Tyr3-octreotate (DOTAT ATE), which showed enhanced

affinity toward SSTR [229][230]. In another research, 8°Zr- and gadolinium (Gd)-labeled
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PEGylated liposomes functionalized with octreotide, which demonstrated SSTr2-targeting

specificity and dual PET/MR imaging features [231].

1.13.4.2. CPNDS Targeting Integrin Receptor

Integrin is a transmembrane heterodimeric protein essential for the regulation of the
different biological functions of cancer cells, including cell—cell and cell-ECM interaction
[232]. Among various forms of integrins, avp3, avp5, and aSB1 integrins are upregulated in
cancer cells and associated with cancer cell phenotypes such as angiogenesis, tumor growth,
and metastasis [233], suggesting that peptide-based ligands targeting integrins could be
promising therapeutic agents for drug delivery as well as molecular imaging. One of the
natural ligands of integrin is glycoproteins, which express themselves on the surface of the
cell or protein of the extracellular matrix. Therefore, short peptide sequences that produce
integrin-binding motives have gathered huge attention as a potential therapy; however, it was
not found to pass the clinical trial successfully. Therefore, the integrin peptide ligand was
alternatively used in conjugation with NDS for the specific delivery of drug to the cell,
which is overexpressing the integrin receptor [234].

Various Arg—Gly—Asp (RGD)-based CPNDS were also developed as potential anti-
cancer therapies and diagnostic probes [235]-[236]. For example, tripeptide RGD was
reported as a ligand for avfB3 integrin overexpressed in solid tumors [237]. The RGD-
modified PEGylated liposome-encapsulated DOX enhanced drug accumulation in cancer
cells by internalization through the integrin receptor-mediated endocytosis pathway and
showed antitumor effects [222]. Furthermore, to enhance the targeting efficacy, cyclic RGD-
modified PEGylated liposomes were developed; for example, c(RGDfK), ¢(RGDfC), and

RGD10 (DGARYCRGDCFDG) were found to be more stable at neutral pH as compared to
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the noncyclic RGD peptide, which enabled them to resist proteolysis [235],[211],[238].
Additionally, they showed high affinity toward avp3 integrin in human BcaP-37 breast
cancer, HT29 colon cancer, and A375 melanoma cells [211],[239].

In the context of cancer diagnosis, RGD-modified probes have been developed, such
as [18F] Galacto-RGD, [18F] Alfatide, [68Ga] NOTA-PRGD2, 99mTcHYNIC-3PEG4-
E[c(RGDfK)2], and 64Cu-DOTA-QD-RGD, which allowed the visualization of tumors in
vivo [240]. Moreover, [18F] Galacto-RGD did not accumulate in the normal brain, unlike
18F-fluorodeoxyglucose (FDG), when used clinically asa PET tracer, suggesting that the RGD
PET tracer can be applied to the imaging of glioma. [18F] Alfatide showed a higher
tumor/background ratio in brain metastases compared with before the affinity was optimized
[241]. Integrin a5B1 shows potent anti-cancer activity, which is recognized by a non-RGD
peptide, ATN-161 (Ac-Pro-His-Ser-Cys-Asn-NH2) [242]. By coupling the PEGylated DOX
liposome and ATN-161 lysine analog, the ATN-161-modified PEGylated DOX liposome
was produced. It was reported that the integrin-mediated endocytosis mediates the cellular
uptake of the ANT-161-modified liposome. Thereby, the ATN-161-modified PEGylated
DOX liposome showed the significant antitumor effect on breast cancer cells and human

umbilical vein endothelial cells [210].

1.13.4.3. CPNDS Targeting Transferrin Receptor (TFR)

TFRs are transmembrane glycoproteins receptors that facilitate the iron uptake by
interacting with transferrin, an iron-binding protein [243]. Since the TFR is found to be
upregulated on the surface of various cancer cells including breast cancer, lung
adenocarcinoma, glioma, and chronic lymphocytic leukemia, it became an attractive molecule

for cancer therapeutics [244]-[245][246]. Interestingly, the transport of various substances
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including anti-cancer drugs across the blood—brain barrier (BBB) is found to be regulated via
P-glycoprotein and tight junction [247]. As the expression level of TFR in the BBB is high,
the NDS conjugated with TF can cross the BBB through receptor-based endocytosis. Research
reported that dual targeting DOX liposomes conjugated with TF and folate yielded anti-cancer
effects in C6 glioma cells [248]. Lee et al. developed peptide T7 (HAIYPRH) using a
phagedisplay method and showed higher TFR binding activity compared with TF [249].
TFR also represents a unique target for the specific imaging of cancer cells, suggesting
its applicability in the diagnosis of cancer progression. Zhang et al. developed a light-up
probe TPETH-2T7 by conjugating a red-emissive photosensitizer with aggregation-induced
emission (AIE) with peptide HAIYPRH(T7), enabling them to target TFR. The probe alone is
non-emissive; however, it yields turn-on fluorescence in the presence of TfR. In vitro
experiments showed that the probe specifically binds to TFR, which is overexpressed on the
MDA-MB-231 breast cancer cells. Notably, the image-guided photodynamic cancer ablation
is evidence of its cancer therapeutic ability as well [250]. Wang et al. developed self-assembled
IR780-loaded transferrin NDS, which are applicable for imaging and targeting, and offered a
combined value as photothermal and photodynamic therapy, which is suitable for cancer
therapeutics [251]. Another class of transferrin, which is known as lactoferrin, has been found
to be highly expressed in the BBB [252], and it possesses better permeability than transferrin
[253],[254]. Notably, Miao et al. functionalized lactoferrin to the surface of poly(ethylene
glycol)-poly(lactic acid) nanoparticles to facilitate BBB/BBTB and glioma cell dual
targeting. Interestingly, tLyP-1, a tumor-homing peptide, which contains a C-end Rule
sequence that can facilitate tissue penetration via the neuropilin-1-dependent uptake

pathway, was coadministrated with lactoferrin-functionalized NPs to augment its
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accumulation and deep penetration into the glioma parenchyma, suggesting its suitability

for antiglioma drug delivery [255].

1.13.4.4. CPNDS Targeting the HER2 Receptor

HER?2 is highly expressed in various cancers including breast cancer, gastric cancer, and
ovarian cancer [256][257]. Trastuzumab, a recombinant monoclonal antibody, has been found
to target specifically HER2 [258]. Additionally, combinatorial therapy with trastuzumab
showed a higher anti-cancer therapeutic effect [259]. However, a tedious method for
producing recombinant monoclonal antibodies makes it relatively costly. Conversely, the
production of peptide-based ligands is cost-efficient and equipped with low antigenicity.
Therefore, HER2-specific peptide ligands have gained attention; for example, Karasseva et
al. developed KCCYSL peptide using the phagedisplaytechnique and demonstrated its
activities against human breast and prostate cancer cells with HER2 overexpression [260].
In another research, the apH-responsive PEGylated DOX liposome was modified with
KCCYSL, which could specifically bind to and internalize in HER2-positive cells, and then
pH-tunable vesicles release DOX swiftly and significantly. Notably, this liposome
inhibited the tumor growth in a breast cancer mouse model with HER2-positive BT474
breast cancer cells [212].

Another peptide AHNP (FCDGFYACYADVGGG) was created from a heavy-chain
CDR3 loop of trastuzumab, which was found to have HER2-specific affinity [261]. In another
research study, AHNP-PEG-DSPE was developed with three glycine amino acids, and it was
applied to AHNP-modified PEGylated DOX liposomes. Notably, this liposome showed tumor
inhibition properties in a breast cancer mouse model bearing HER2-positive TUBO cancer

cells [213]. In the context of the diagnostic application, PEGylated chitosan-modified
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LTVSPWY (LTVSPWY-PEG-CS) was developed as an MRI imaging probe, which could

detect cancer efficiently in vivo [224].

1.13.4.5. CPNDS Targeting Aminopeptidase N

Aminopeptidase N (or CD13) is associated with the growth of various cancers and
suggested as a potential target for anti-cancer treatment. Interestingly, tripeptide Asn-Gly-
Arg (NGR) is a ligand of aminopeptidase N (APN/CD13), which is found to be overexpressed
in cancer cells and also target neoangiogenic blood vessels [262]. APN-targeted NDS have
been developed by various groups; for example, after the intravenous injection of the c-Myc
SiRNA loaded in NGR-modified PEGylated liposomes, they are delivered efficiently to the
HT1080 fibrosarcoma cytoplasm. Therefore, the result at the tumor site showed the
suppression of c-Myc and evoked cellular apoptosis [54]. Antitumor activity was observed
in HT1080 fibrosarcoma cells and HUVECs by the quantitative accumulation of docetaxel,
which was loaded in NGR-modified PEG-b-PLA polymeric micelles [103]. When NGR,
thermosensitive liposomes, and DOX were conjugated with CPP, it showed an inhibition of
tumor growth in HT1080 fibrosarcoma cells [104]. If NGR peptides are conjugated with an
imaging agent such as fluorescent dye, QDs, micelles, and liposomes show potential in
visualizing the tumor. The glioma-associated vessels in a fluorescent imaging system were
clearly shown, and CD31 were specifically recognized when PEGlyated CdSe/AnS QDs

were modified with an NGR peptide [58].

1.13.4.6. CPNDS Targeting Luteinizing Hormone-Releasing Hormone (LHRH)

Another receptor, LHRH, is overexpressed in different cancers such as breast, colorectal,

ovarian, and prostate cancers, and it is a crucial anti-cancer target [263],[264]. Bajusz et al.
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developed LHRH-based peptides, SB-05, SB-86, SB-40, and SB-95 as cancer-specific
ligands. Interestingly, these ligands showed high affinities toward the membrane receptors of
human breast and prostate cancer cells as well as rat pituitary Dunning R-3327 prostate cancer
cells [265,266]. AEZS-108 (previously known as AN-152), a hybrid molecule consisting of a
synthetic peptide carrier covalently coupled to DOX, was found to facilitate the delivery of
DOX specifically to cancer cells expressing LHRH, including in uveal melanoma [267] and
prostate cancer [268]. Minggiang et al. developed cisplatin-loaded LHRH-modified dextran
NPs (Dex-SA-CDDP-LHRH), which could specifically target LHRH receptors

overexpressed on the surface of 4T1 breast cancer cells [269].

1.13.4.7. CPNDS Targeting Epidermal Growth Factor Receptor (EGFR)

EGFR has been widely reported to be crucial for uncontrolled signal transduction
associated with cellular growth [270]. Notably, the GE11 peptide binds specifically to EGFR,
which is overexpressed in various cancers including breast cancer, lung cancer, and glioma
[271]. Therefore, the GE11 peptide has been conjugated with different NDS; for example,
Huang et al. developed GE11 peptide-conjugated liposomes loaded with the photosensitizer
indocyanine green (ICG) and chemotherapy drug curcumin (CUR), which could
demonstrate EGFR targeting as well as an anti-cancer effect [272]. Han et al. demonstrated
that small peptide, AEYLR-conjugated, nano lipid carriers increased the specific cellular
uptake in cancer cells with EGFR overexpression [273]. Mayr et al. synthesized platinum (1V)
complexes conjugated with an EGFR-targeting peptide, LARLLT; however, it was found to
be unsuitable for increasing the specific uptake of small-molecule drugs in cancer cells with

overexpressed EGFR [274].

1.13.4.8. CPNDS Targeting Epithelial Cell Adhesion Molecule (EpCAM)
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EpCAM (or CD326) is an epithelial cell marker that is frequently and most strongly
expressed in tumor-associated antigens. It is expressed in various cancers including squamous
cell carcinoma and adenocarcinoma [275]. Ma et al. demonstrated that the peptide SNFYMPL
(SNF*) could target EpCAM. Next, they conjugated SNF* with poly(histidine)-PEG/DSPE
copolymer micelles. Notably, SNF* labeling substantially enhanced the micelles binding with
gastric adenocarcinoma and colon cancer cells and augmented the anti-cancer effects, and it
also reduced the in vivo toxicities of the micelles. Therefore, SFN* peptide-based targeting

paves the way for EpCAM-targeted cancer therapy as well as diagnosis [276].

1.13.4.9. CPNDS Targeting CD133

CD133 is commonly expressed in cancer stem cells from various cancers including
glioma, colon cancer, prostate cancer, and lung cancer [277]. Yan et al. developed CD133
peptide-conjugated photosensitizer, CD133-pyropheophorbide-a (Pyro), which showed a
targeted photodynamic effect in colorectal cancer stem cells (CRCSC). Conventional
photosensitizers such as (Pyro) lack tumor selectivity, triggering unwanted toxicity to the
nearby healthy tissue. Interestingly, CD133-Pyro augmented the targeting capacity of Pyro,
and it was found that CD133-Pyro exhibits the targeted delivery ability both in CRCSCs and
inhibited tumor growth in a mouse model, suggesting its applicability for the therapy of

CRC via CRCSC targeting [278].
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1.14. Cell-Penetrating Peptides (CPP)

Cell penetration of the peptide is classified into two categories. (A) On the basis of peptide
origin, they are subdivided into three types: chimeric, protein derived, and synthetic.
Chimeric CPPs are made of two different peptide motifs. Transportan is said to be chimeric
CPP that has been derived from mastoparan and galanin. Examples of protein derived CPPs
are TAT and penetratin, which is a natural protein derivative. The synthetic peptides are of
the polyarginine family [279]. (B) The second category of CPP classification is based on
physiochemical property. Based on physiological property, there are three types of CPP:
cationic, amphipathic, and hydrophobic. As a result of its positive charge, many CPPs are
cationic. The example of cationic CPP is TAT, the transcriptional activator protein in HV-1
[280]. The amphipathic CPPs, because of the lysine residue in their structure, are the
sequences with a high degree of amphipathicity: for example, Transportan, a 27 amino acid
long peptide [281]. In the case of hydrophobic CPP, only the hydrophobic motif or non-
polarsequence are present [282].

Regarding the mechanism for the internalization of CPP, for the transportation of CPP
across the biological membrane, the exact mechanism is still unclear. However, after going
through certain literature, the outcome showed that there may be three possible pathways
for CPP internalization into the membrane. The three most effective parameters for the
internalization pathway of CPP into the cellular membrane are the peptide concentration,
peptide sequence, and lipid component in each membrane [283],[284].

On the basis of peptide concentration, the route for the uptake of different cationic CPPs
varies. When the concentration is high, rapid cytosolic uptake is detected, and at the lower

concentration of peptide, the mechanism of uptake is dominant [285][286]. The second
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influential parameter for the uptake mechanism of CPP is peptide sequence. The local
concentration of TAT and penetratin, which are arginine-rich CPPs, in a biomembrane may
be enhanced due to the highly positively charged CPPs [287][288]. For the internalization of
CPPs, there are three possible mechanisms. (i) The first is direct penetration, which is an
energy-independent pathway including various mechanisms including pore formation, a
carpet-like model, and a membrane-thinning model [289][290]. (ii) The second mechanism
is the endocytosis pathway, in which the transduction approach is energy dependent. In
endocytosis, the inward folding of the plasma membrane takes place to carry material from
outside of the cell and absorb them. The three different classes of endocytosis are
pinocytosis, phagocytosis, and receptor-mediated endocytosis. (iii) The third mechanism
is translocation through the formation of a transitory structure. In this, the interaction of
CPP takes place with the cellular membrane, which causes the disruption of the lipid
bilayer of the membrane following the formation of an inverted structure, the inverted

micelles [291].

1.15. Conjugation of Peptides and Extracellular Vesicles
(CPEVs) for Cancer Therapy

Extracellular vesicles (EVS) are nanovesicles with a size around 30-1000 nm, which are
secreted from most of the cell types and are found in various biofluids including blood and
urine [48]-[292][293]. Recently, EVs have emerged as a promising NDS with huge
application in cancer therapy as well as diagnosis. A detailed review of the factors reacting
with EV-based drug delivery systems has been reported by our group previously [294].

Interestingly, the surface modification of EVs has a great potential to achieve the targeting
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ability [89]. There are various methods that could be utilized to modify the surface of EVs
to conjugate the ligand, such as physical approaches (sonication, extrusion, and freeze—
thaw) that can change the surface properties of EVs via membrane rearrangements and
biological approaches (genetically and metabolically engineering cells to express protein
or cargo molecules of interest in secreted Evs) [89].

Various groups have demonstrated the applicability of the GE11 peptide for the specific
targeting toward the EGFR receptor for different purposes [295][296], including drug
delivery [297]-[298]. Importantly, Ohno et al. (2013) showed that the delivery of micro
RNA (miRNA) to EGFR-expressing breast cancer cells can be achieved efficiently by EVs.
For this, the donor cells were engineered to express the transmembrane domain of the platelet-
derived growth factor receptor fused to the GE11 peptide. Notably, the exosome that was
injected intravenously could deliver the let-7a miRNA to EGFR-expressing xenograft breast
cancer tissue in RAG2(-/-) mice. The result showed that EVs can be employed to target the
EGFR expressing cancer tissue with nucleic acid drug for therapeutic purposes [40]. In
another research study, Nakase et al. developed a novel drug delivery system based on
biofunctional peptide-modified exosomes, which includes arginine-rich cell-penetrating
peptide-modified exosomes for the active induction of micropinocytosis and the effective
intracellular delivery of therapeutic molecules, a pH-sensitive fusogenic peptide for
enhanced cytosolic release of exosomal contents, and a receptor target system using an

artificial coiled-coil peptide modified on exosomal membranes [299].
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1.16. Hypothesis and Aims

Hypothesis

The GE11 peptide specifically targets the Epidermal Growth Factor Receptor (EGFR), prevalent
in many cancers, enhancing drug delivery to tumors and improving therapeutic efficacy with
reduced side effects. Endothelial cell derived EVs play a significant role in anticancer therapy by
transferring bioactive molecules like RNA, proteins, and lipids to cancer cells. They modulate
tumor progression, angiogenesis, and immune responses, potentially enhancing the efficacy of
anticancer drugs and contributing to the inhibition of tumor growth and metastasis. Apparently,
endothelial cells derived EVs can be engineered by conjugating with GE11 peptide, followed by

loading of vinorelbine, an anti-cancer drug, which would be useful for lung cancer therapeutics.

Aims

1. To optimize and characterize a novel GE11-HUVEC-EVs-Vin EDDS targeting the tumor-

associated cell surface antigen EGFR.
2. To optimize the feasibility of using GE11-HUVEC-EVs-Vin EDDS in a lung cancer model.

3. To examine whether the therapeutic efficacy of vinorelbine can be improved by delivery via EGFR
directed GE11-HUVEC-EVs-Vin EDDS.

4. To validate the distribution of the GE11-HUVEC-EVs-Vin EDDS at cellular levels and in a mouse

model of lung cancer.
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CHAPTER 2

#Note: The partial content of chapter 2 has been taken from following published paper [3], with due permission
from all the contributing authors as well as the publisher: lyaswamy A*, Thakur A**, Guan XJ, Krishnamoorthi S,
Fung TY, Lu K, Gaurav I, Yang Z, Su CF, Lau KF, Zhang K..., Chen H", Li M". Fe65-engineered neuronal
exosomes encapsulating corynoxine-B ameliorate cognition and pathology of Alzheimer’s disease. Signal
Transduction and Targeted Therapy. 2023 Oct 23;8(1):404.

MATERIALS AND METHODS

2.1. Ethics statement
Animal-related experiments were conducted as per protocols approved by the Committee

on the Use of Human and Animal Subjects in Teaching and Research (HASC) at the Hong Kong

Baptist University (HKBU) (# REC/21-22/0265).

2.2. Analysis of single cell- and bulk RNA- seq data

Single-cell RNA sequencing dataset GSE127465 [300] was obtained from a public
database, the Gene Expression Omnibus (GEO). The dataset features total cells (n = 40,362) in
patient lung tumor biopsies (n = 7).The single cell portal https://singlecell.broadinstitute.org/
(Study# SCP739, accessed on 20" Oct 2024) was utilized forgenerating of two-dimensional
visualization (SPRING plots), and the dot-plot showing the cell- type specific gene expression.
Lung cancer specific bulk-RNA seq data were analyzed to obtain expression level of EGFR in pan-
cancer (https://tnmplot.com/analysis/ [301]), and the EGFR expression-based survival plots were

generated using https://kmplot.com/analysis/ [302].

2.3. In silico analysis for target identification

Lung cancer targets were collected through online databases such as GeneCards
(https://www.genecards.org/), OMIM (https://www.omim.org/search/advanced/geneMap),
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Therapeutic Target Database (https://db.idrblab.net/ttd/), and PharmMapper (http://www.lilab-
ecust.cn/pharmmapper/results/240204030418.html), among others. The potential targets of
compounds were predicted using SuperPred (https://sea.bkslab.org/) and SEA
(https://sea.bkslab.org/). A total of 74 small molecule targets and 1520 lung cancer targets were
collected, with an intersection yielding 24 targets. These targets were imported and analyzed and

visualized using Cytoscape_v3.9.0. The network consists of 24 nodes and 110 edges.

2.4. Molecular docking

The 3D atomic coordinates for the crystal structures of Nanodisc-reconstituted human
ABCBL1 in complex with MRK16 Fab and elacridar (PDB id: 7A6C) were downloaded from the
RCSB-Protein Data Bank (PDB). Additionally, the 3D structures of Azithromycin, Clarithromycin,
Erythromycin, Elacridar, and Vinorelbine were retrieved from the PubChem database. The

structure of ABCB1 was prepared for molecular docking by loading it into UCSF Chimera.

A grid box was generated to encompass the elacridar binding site of ABCB1 and provide ample
space for the ligands' rotational and translational movement. The grid box parameters were set as
follows: the center grid box coordinates were set to 164.622, 159.652, and 157.799 for X, Y, and
Z dimensions, respectively, with a spacing of 0.375 A and number of points of 84, 96, and 86

points in the X, Y, and Z dimensions.

AutoDock Tools 1.5.6 was utilized to perform molecular docking using Lamarckian
genetic algorithm (LGA) search parameters. Subsequently, LigPlot+ (v.1.4.5) was employed to

visualize the interaction patterns between the ABCB1-ligand complexes.
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2.5. Cell culture

HUVEC and A549 cells were cultured in a standard medium containing Dulbecco’s
Modified Eagle Medium (DMEM) (Cat# 11965084, Gibco) supplemented with 10% fetal bovine
serum (FBS) (Cat# 10500064, Gibco), and 1% penicillin-streptomycin solution. The cultured cells

were maintained at 37 °C in an incubator with 5 % CO..

2.6. Isolation of HUVEC-EVs and GE11-HUVEC-EVs

EVs, including exosomes, were extracted from the HUVEC cell culture medium using the
Total Exosome Isolation (TEI) reagent.[303] The process involved collecting the medium,
centrifuging it at 2000 x g for 30 min, mixing the supernatant with TEI reagent, and incubating it
at 4°C overnight. Subsequently, the mixture was centrifuged at 10,000 x g for 1 h at 4°C. The
resulting pellet, which contained exosomes, was then diluted with 1x phosphate buffer saline

(PBS) for analysis.

2.7. Surface engineering of HUVEC to express GE11 peptide (GE11-

HUVEC-EVs)

The modification of HUVEC to express GE11 peptide was accomplished using the post-
insertion technique, as described previously [304][305][306]. In brief, the GE11 peptide was
dissolved in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer for 15 min at 60 °C to form

micelles. Then, the HUVEC-exosome suspension was mixed with the above suspension for 2 h at
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40 °C. After cooling to room temperature, exosomes were immediately purified by size-exclusion

chromatography to get GE11-modified HUVEC EVs (GE11-HUVEC-EVs).

2.8. Analysis of size and concentration of EVs via nano tracking

analyzer

The size distribution and concentration of exosomes were assessed using a Malvern
Nanoparticle Tracking Analysis (NTA) system. A 405 nm laser beam was employed to analyze
500 ml of exosome solutions in the sample chamber. NTA software (version 2.2, NanoSight
NS300) was utilized to analyze the captured videos of EVs in Brownian motion, allowing for the

determination of size distribution and concentration of EVs.

2.9. Transmission electron microscopy (TEM)

The size, shape, and morphology of exosomes were characterized using transmission
electron microscopy (TEM). A negative staining technique was employed, where a 30 ul drop of
the exosome suspension in filtered PBS was placed on carbon-coated electron microscope grids,
incubated at room temperature for 10 min, transferred to a drop of Uranyless® solution for 1 min,

air dried; the excess stain was blotted away and the grids were observed using TEM machine.
2.10. Immunogold EM analysis

The presence of CD63 protein on exosomes was confirmed using immunogold-EM as
described previously.[303] Initially, exosome suspensions, fixed with 2% PFA, were adsorbed to
CCEM grids and washed in a solution of 0.05 M filtered glycine in PBS. Subsequently, the grids

were incubated with anti-CD63 primary antibody for 24 h at 4 ° C, followed by incubation with
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10 nm gold-conjugated donkey anti-rabbit antibody for 1 h at room temperature. After several
washes, the grids were post-fixed, excess fluid was blotted, and the samples were dried before

imaging using TEM machine.

2.11. Imaging flow cytometry analysis of exosomes

The cells were stained with anti-EGFR-conjugated Alexa 488 antibody, followed by
analysis with image flow cytometry as described previously with slight modification [307].
Briefly, the cells were immune-stained with anti-EGFR-conjugated primary antibody for 1 hr at
room temperature, followed by evaluation of cell samples with an imaging flow cytometer

equipped with a laser. The images were acquired and analyzed using IDEAS software.

2.12. Fourier-transform infrared (FT-IR) microscopy

The exosome samples with and without peptide functionalization were analyzed with FT-
IR via the potassium bromide (KBr) technique. Briefly, the exosome samples were diluted (ratio
=1:10) in potassium bromide, followed by making pellets using a mini hand-held laboratory
hydraulic press. A KBr pellet alone was used as a control. The FTIR instrument was used for
obtaining the signals from the pellets of exosome samples with and without peptide

functionalization, and the KBr alone.

2.13. Loading of vinorelbine on HUVEC-EXO and GE11-HUVEC-

EXO, and their evaluation

54



Exosomes were loaded with vinorelbine using sonication. Equal amounts of vinorelbine
and exosomes were mixed and sonicated using 20% amplitude and 6 cycles of 30 s-on/150 s-0ff.
Subsequently, the solution was incubated at 37 °C for 60 min. To separate excess free drug, size
exclusion chromatography with a Sephadex G25 column was employed. The efficiency of drug

loading was assessed using a UV-visible spectrophotometer.

2.14. Labelling of EXO

Exosomes were labeled with Exo-Green Exosome Protein Fluorescent Labeling reagent
(Cat# EXOG200A-1, System Biosciences). 50 pL of 10x Exo-Green was added to a 500 pL
exosome solution in 1XPBS (200 pg protein) and mixed by flicking. The solution was then
incubated for 10 min at 37 °C, and the labeling reaction was stopped by adding FBS. After
incubation at 4 °C for 30 min, the solution was centrifuged at 14,000 rpm for 3 min to remove

excess label. The labeled exosome pellet was then resuspended in PBS for subsequent monitoring.

2.15. Exosome uptake assay

Recipient A549 cells were cultured at a density of 30,000 cells per well on Lab-Tek
chamber slides (Thermo Scientific, USA) for 24 h. After 24 h, the cells were washed with PBS and
then exposed to a medium supplemented with 250 ug Exo-Green labeled- HUVEC-EXO and
GE11-HUVEC-EXO. Subsequently, the recipient cells were washed with PBS, fixed with 4% PFA
on ice for 30 min, and then washed again with PBS. The cells were stained, and the slide was
covered with a thin layer of Vectashield medium containing DAPI for visualization under a

confocal microscope at 40x magnification.

2.16. Cell viability assay
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The MTT cell viability assay was conducted on A549 cells (10,000 cells per well) in a 96-
well microtiter tissue culture plate. After 48 hours, the cells were treated with HUVEC-EVs, GE11-
HUVEC-EVs, Vinorelbine (Vin), HUVEC-EVs-Vin, or GE11-HUVEC-EVs-Vino for 24 h.
Following treatment, MTT solution was added to each well, and the cells were incubated for 4
hours at 37°C. Subsequently, DMSO was added to solubilize the formazan product, and the

absorbance was measured at 570 nm.

2.17. Migration assay

The migration of the A549 cells (control or with various treatments) was evaluated via the
scratch migration assay. It involves the creation of a "scratch™ in a cell monolayer, typically using
a pipette tip, to simulate a wound. The cells were then incubated, and images were captured at the
beginning and at regular intervals during cell migration to close the scratch. The rate of migration

was quantified by comparing the images, and the time required to close the wound.

2.18. Apoptosis assay

The level of apoptosis in the A549 cells (control and with various treatments) was evaluated
via the Annexin-V staining of cells. The staining process involved incubation of the cells with the
Annexin V antibody, which could bind to phosphatidylserine (PS) on the surface of apoptotic cells.

The annexin-V-stained cells were examined via fluorescent microscopy.

2.19. Immunocytochemistry

The immunocytochemistry procedure was conducted on A549 cells grown on poly-D-

lysine coated-glass cover slips until they reached 70% confluence. The cells were then treated with
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Exo-Green-labeled EV samples, washed with PBS, fixed with 4% paraformaldehyde, and
permeabilized with 0.1% Triton X-100 in PBS. Subsequently, the cells were blocked with 1% BSA
in PBS. Rhodamine phalloidin-conjugated primary antibody solution was used, and samples were
mounted in a Vectashield medium with DAPI. The samples were examined using a confocal

microscope.

2.20. Development of lung cancer mouse model and in vivo

bioluminescence assay

A xenograft mouse model of lung cancer was developed to study the anti-tumor effects of
GE11-HUVEC-EVs-Vin in vivo. This model was established using the implantation technique
previously described by Onn et al. (2003). Briefly, A549 cell suspension was prepared in Matrigel
Matrix (BD Biosciences), which is commonly used as an anchor to prevent tumor cells from
spreading at the site of injection. SCID mice (6-8 weeks) were anesthetized and placed in the right
lateral decubitus position. 1ImL syringes with 30-gauge needles were used to inject A549 cells
percutaneously into the left lateral thorax, at the lateral dorsal axillary line, about 1.5 cm above the
lower rib line just below the inferior border of the scapula. After tumor cell injection, the labeled
EV samples namely HUVEC-EVs, GE11-HUVEC-EVs, HUVEC-EVs-Vino, and GE11-HUVEC-
EVs-Vino, and Vinorelbine were injected intravenously (4 g of exosomes/mouse). The mice were
observed until fully recovered. In the 9th week after tumor cell implantation, mice were sacrificed
and lung tumors were collected. The tumor formation was confirmed via the H&E staining, and

EGFR expression was confirmed in the tumors using immunohistochemistry.
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2.21. Hematoxylin-Eosin (H&E) Staining

H&E staining was carried out on xenograft tumors, fixed with 4% paraformaldehyde
(PFA), embedded in paraffin, and sectioned into 5 um slices using an ultra-thin semiautomatic
microtome. The sections were then deparaffinized, rehydrated, and stained with hematoxylin and
eosin (H&E) using standard protocols. H&E-stained sections were examined under a light

microscope.

2.22. Immunohistochemistry

The lungs of mice (control and with various treatments) were processed for
immunohistochemistry by preparing PFA-fixed, frozen, and cryomatrix-embedded sections. These
sections were then subjected to immunostaining analysis using primary antibodies for EGFR and
Ki67, along with EXO-Green-labeled exosomes. Following the staining, the sections were imaged,
and images were analyzed using Image J analysis (NIH) software. This comprehensive process
allowed for the examination of protein expression and exosome localization in specific lung

regions.
2.23. Statistical analysis

Differences were statistically evaluated using a one-way analysis of variance (ANOVA)
followed by Fisher’s protected least significant difference test. P-value < 0.05 was considered

statistically significant.
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CHAPTER 3

RESULTS

3.1. EGFR gene overexpression is associated with poor survival of

lung cancer patients

The EGFR gene is important in cancer because it plays a role in many of the key processes
that drive cancer development and progression, including cell growth, division, survival, and
migration. EGFR overexpression can lead to cancer by making cancer cells more resistant to
apoptosis (programmed cell death) and by making them more likely to metastasize.[308]
Therefore, it is pertinent to examine the correlation of the EGFR gene with the overall survival of
lung cancer patients. Notably, the pan-cancer analysis using RNA-seq data from the TCGA
database showed that EGFR is in general overexpressed in most cancers including lung cancer
compared to their respective control groups. (Fig. 8A). We also found that high expression of
EGFR is correlated with poor survival of lung cancer patients (Fig. 8B). Moreover, the lung cancer
stage-based analysis showed that in stage 1V, the median survival is far less while the expression
of EGFR is heightened (Fig. 9A-D). Single cell transcriptomic analysis of lung cancer patient data
(GEO: GSE127465)[300] revealed cell type-specific distribution of EGFR in lung cancer TME

(Fig. 10A-E). Further, EGFR expression was positively correlated with MYC, CD44, MET, and
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KRAS (Fig. 8C-F). MYC s a transcription factor that regulates the expression of many genes
involved in cell growth, division, and metabolism. MYC overexpression is common in many types
of cancer, including lung cancer.[309] CD44 is a cell surface protein that helps cells to interact
with their environment. CD44 overexpression has been linked to cancer cell stemness, invasion,
and metastasis.[310] MET is a receptor tyrosine kinase that is activated by hepatocyte growth
factor (HGF). MET overexpression can lead to cancer cell proliferation, survival, and
migration.[311] KRAS is a small GTPase that plays a role in cell signaling. KRAS mutations are
common in many types of cancer, including lung cancer, colon cancer, and pancreatic cancer. The
expression of EGFR is also linked with major markers, contributing to lung cancer development

and progression (Fig. 8C-F).

Programmed death-ligand 1 (PD-L1) and programmed death-1 (PD-1) are two proteins that
play a key role in lung cancer immune evasion. PD-L1 is expressed on the surface of cancer cells
and other cells in the TME. PD-1 is expressed on the surface of T cells, which are a type of white
blood cell that plays a key role in the immune response. When PD-L1 interacts with PD-1, it sends
a signal to the T cell to stop it from attacking the cancer cell. This allows the cancer cell to evade
the immune system and continue to grow and spread. PD-L1 overexpression is common in lung
cancer, and it is associated with a poor prognosis. Patients with PD-L1-overexpressing tumors are
more likely to have a shorter overall survival and are less likely to respond to immunotherapy.[312]
Immunotherapy is a type of cancer treatment that harnesses the body's immune system to fight
cancer. Immune checkpoint inhibitors are a type of immunotherapy that blocks the interaction
between PD-L1 and PD-1. This allows T cells to recognize and attack cancer cells.[313] Immune
checkpoint inhibitors are effective in treating some patients with lung cancer, especially those with

PD-L1-overexpressing tumors. Targeting the PD-L1/PD-1 pathway with immunotherapy is a
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promising approach to cancer treatment.[312][313] Therefore, we further analyzed the effect of
anti-PD-L1 or anti-PD-1 therapy on the EGFR via bioinformatics analysis using the TCGA dataset.
Interestingly, the expression of EGFR was significantly reduced in the responder group towards
both anti-PD-L1 and anti-PD-1 therapy (Fig. 8C-F). We conclude that EGFR is a crucial target for

developing targeted therapeutics for cancers including lung cancer.
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EGFR expression in lung cancer patients. (C-F) Graphs showing the positive correlation between
(C) EGFR vs MYC, (D) EGFR vs CD44, (E) EGFR vs MET, and (F) EGFR vs KRAS. (G, H) Bar

graphs showing the expression of EGFR in non-responder and responder towards the treatment of

(G) anti-PD-L1 therapy, and (H) anti-PD-1 therapy.
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Figure 10. Single-cell RNA-seq analysis of tumor microenvironments (TMES) in lung cancer

Major cell type

patients. (A) UMAP depicting the different cell types in the TME of human non-small cell lung
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cancer compared to control group (based on GEO: GSE127465). (B, C) UMAPs showing the
expressions of (B) EGFR and (C) ERBB?2 in the clusters, representing cancer cell types. (D, E) Dot
plots showing the cell type-specific expression of major cancer markers including EGFR and
ERBB2. The figures are based on the analysis of single cell RNA-seq data publicly available

(GSE127465).

Discussion

The correlation between EGFR gene mutation and the overall survival of lung cancer patients is a
crucial aspect of cancer research. The EGFR gene plays a pivotal role in cancer development and
progression by influencing cell growth, division, survival, and migration. Overexpression of EGFR
can lead to cancer by making cancer cells more resistant to apoptosis and more likely to
metastasize. Studies have shown that EGFR mutations are associated with specific features, such
as female gender, never-smoking history, ethnicity, and adenocarcinoma histology. The presence
of EGFR mutations is a predicting factor for the response to EGFR tyrosine kinase inhibitors
(TKIs) and is associated with a good prognosis in advanced NSCLC patients. In non-small cell
lung cancer (NSCLC), EGFR mutations are more common in females, never smokers, and patients
of Asian ethnicity. The most common EGFR mutations are in-frame deletions in exon 19 and
missense substitutions in exon 21. The correlation between EGFR mutation status and the
incidence of brain metastases in patients with NSCLC has also been investigated. The results
suggest that patients with EGFR mutations have a higher incidence of brain metastases, which may
be due to the use of EGFR-TKIs that prolong overall survival but increase the risk of brain
metastases4.Furthermore, the expression of EGFR is positively correlated with MYC, CD44,

MET, and KRAS, which are all involved in cell growth, division, survival, and
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migration5. Overexpression of these genes is common in many types of cancer, including lung
cancer, and is associated with a poor prognosis. The expression of EGFR is also linked to major
markers contributing to lung cancer development and progression, including programmed death-
ligand 1 (PD-L1) and programmed death-1 (PD-1), which play a key role in lung cancer immune
evasion. Overexpression of PD-L1 is common in lung cancer and is associated with a poor
prognosis, while targeting the PD-L1/PD-1 pathway with immunotherapy is a promising approach
to cancer treatment. Conclusively, the EGFR gene is a crucial target for developing targeted
therapeutics for cancers, including lung cancer. The correlation between EGFR gene mutation and
the overall survival of lung cancer patients is complex and influenced by various factors, including
gender, smoking status, tumor markers, and FDG uptake. Further research is needed to fully

understand the role of EGFR in lung cancer and to develop effective targeted therapies.

3.2. EGFR protein is significantly over-expressed on the membrane

of A549 cells in hypoxic TMEs.

As the over-expression of EGFR on the surface of lung cancer cells has been linked with
their malignant behavior[314]-[315], we anticipated that a ligand targeting EGFR could be used
for lung cancer therapeutics if it were conjugated on the surface of EVs. We performed
immunocytochemistry (ICC), which helps to reveal the distribution of EGFR on the surface of
lung cancer cells by using anti-EGFR primary antibodies. Interestingly, the ICC results showed

that EGFR is primarily localized on the surface of A549 lung cancer cells (Fig. 11A-C). As
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hypoxia, or low oxygen levels, is a common feature of the TME and is closely associated with cell
proliferation, angiogenesis, metabolism, and the tumor immune response, it can promote tumor
progression, increase its aggressiveness, and enhance metastatic potential—all of which translates
to poor prognosis [316]. Therefore, we examined the effect of hypoxia (1% O> level) on the protein
level of EGFR in A549 cells via image flow cytometry. The level of EGFR was significantly
enhanced in the hypoxia exposed A549 cells as compared to the control A549 cells (Fig. 11D, E),
and normal control cell HEK293T cell (Fig. 11F). This result shows that EGFR would be a good

target for the delivery of medicine in lung cancer treatment.

Discussion

The use of ligands targeting EGFR, conjugated on the surface of extracellular vesicles (EVs), has
been proposed as a potential strategy for lung cancer treatment. Immunocytochemistry (ICC) has
been employed to reveal the distribution of EGFR on the surface of lung cancer cells,
demonstrating that EGFR is primarily localized on the surface of A549 lung cancer cells. This
finding supports the idea that EGFR could be a suitable target for the delivery of medicine in lung
cancer treatment. Hypoxia, a common feature of the tumor microenvironment (TME), has been
shown to promote tumor progression, increase aggressiveness, and enhance metastatic potential,
leading to poor prognosis. The effect of hypoxia on the protein level of EGFR in A549 cells has
been examined using image flow cytometry, revealing that the level of EGFR is significantly
enhanced in hypoxia-exposed A549 cells compared to control A549 cells. This result further
supports the targeting of EGFR for the delivery of medicine in lung cancer treatment. The role of
EGFR in lung cancer progression and metastasis has been extensively studied. EGFR-tyrosine

kinase inhibitors, such as erlotinib and gefitinib, have been found to be effective in suppressing
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the proliferation of malignant lung cells, enhancing apoptosis, and reducing lung
cancermetastasis. These inhibitors have been successful in suppressing lung cancer progression
in preclinical studies and have been used in second and third-line treatments following
chemotherapies. The correlation between EGFR mutation status and the incidence of brain
metastases in patients with non-small cell lung cancer (NSCLC) has also been investigated. The
results suggest that patients with EGFR mutations have a higher incidence of brain metastases,
which may be due to the use of EGFR-tyrosine kinase inhibitors that prolong overall survival but
increase the risk of brain metastases. Furthermore, the expression of EGFR is positively correlated
with MYC, CD44, MET, and KRAS, which are all involved in cell growth, division, survival, and
migration. Overexpression of these genes is common in many types of cancer, including lung
cancer, and is associated with a poor prognosis. In conclusion, the targeting of EGFR for the
delivery of medicine in lung cancer treatment is a promising approach. The over-expression of
EGFR on the surface of lung cancer cells, its enhancement under hypoxic conditions, and its
correlation with other genes involved in cell growth and migration make it an attractive target for
lung cancer therapeutics. Further research is needed to fully understand the role of EGFR in lung

cancer and to develop effective targeted therapies.
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Figure 11. Expression of EGFR on the membranes of lung cancer cells. Immunofluorescence
microscopy showing the expression and distribution pattern of EGFR protein (green colour) in

A549 lung cancer cells at (A, B) 20x and 40x magnifications, and (C) the corresponding enlarged
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images. (D, E) Image flow cytometry-based expression of EGFR on the A549 cells under normaland
hypoxic conditions, and the corresponding quantitative bar graph. (F) Protein expression level of
EGFR in normal cell (HEK293), and cancer cells (A549 and HCC2814), as determined via

proteinatlas.org.

3.3. Endothelial cell derived EVs attenuated the migration of lung cancer cells.

Vascular endothelial cell-derived EVs have been found to inhibit the malignant progression
of lung cancer [317], suggesting that endothelial cells could be an apt source of exosomes for
developing exosome-based drug delivery tools. HUVEC cells were first cultured in a complete
medium, then in an exosome-depleted medium. Fig. 12A shows a brightfield image of a typical
HUVEC cell, which was utilized for exosome isolation. Subsequently, the HUVEC-EVs were
characterized with a nano tracking analyzer and electron microscope. The average diameter of
HUVEC-EXO was found to be around 172 nm, and the concentration of released exosomes was
1.73 x 10° particles/ml (Fig. 12B). Electron microscopy showed the morphology of the exosomes,
and immunogold labeling revealed the expression of CD63, an EV biomarker (Fig. 12C, D). This
further established that the isolated vesicles were indeed exosomes. The EVs were added to the
culture of A549 lung cancer cells at a concentration of 50 pug/ml and incubated at room temperature
for 24 hrs. Notably, the HUVEC-EVs were found to inhibit the migration of lung cancer cells (Fig.

12E), demonstrating that they were a suitable source of exosomes for lung cancer therapeutics.
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Figure 12. Isolation and characterization of exosomes from endothelial cells. (A)
Representative bright field image of HUVEC cells that had been cultured in exosome-depleted
medium for 24 hrs., before the isolation of EVs. (B-D) Representative (B) size distribution plot of
the HUVEC-EVs; (C, D) immunogold dots showing the expression of CD63 on the HUVEC-EXO.
(E) Representative brightfield images showing the migration of A549 cells at the start and 24 hrs.
after the addition of HUVEC-EVs at different dilutions (1x and 9x). Scale bars: Fig 10A, 20 nm;

Fig. 3C, D, 100 nm; Fig. 3E, 50 nm.
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Discussion

The use of vascular endothelial cell-derived EVs as a potential tool for developing exosome-based
drug delivery systems for lung cancer treatment has been explored. The inhibition of malignant
progression of lung cancer by these EVs suggests that endothelial cells could be a suitable source
of exosomes for this purpose. The characterization of HUVEC-EVs, including their average
diameter and concentration, as well as their morphology and expression of CD63, an EV
biomarker, has been demonstrated. The addition of these EVs to the culture of A549 lung cancer
cells has been shown to inhibit the migration of lung cancer cells, indicating their potential as a
source of exosomes for lung cancer therapeutics. The role of exosomes in lung cancer metastasis
and their clinical applications have been discussed. Exosomes derived from lung cancer cells
enhance cell proliferation, angiogenesis, and metastasis, regulate drug resistance, and modulate
the immune response3. The clinical application of exosomes in diagnosis, prognosis, drug
resistance, and therapeutics has been presented, including their potential as a novel therapeutic
strategy for cancer. The use of exosomes as a therapeutic approach for cancer treatment has been
reviewed. Exosomes can efficiently elicit an immune response in the tumor microenvironment,
and their applications must be substantially monitored in both cancer progression and tumor
suppression4. The promotion of exosome application and its prominent utility as a therapeutic
agent must be regularized in complex intracellular pathways4.Furthermore, the role of tumor-
derived exosomal miR-3157-3p in promoting angiogenesis and metastasis in non-small cell lung
carcinoma (NSCLC) has been investigated. The expression level of miR-3157-3p in circulating
exosomes was significantly higher in metastatic NSCLC patients than in non-metastatic NSCLC
patients, and it was found to be involved in the formation of pre-metastatic niche formation before

tumor metastasis. In conclusion, the use of vascular endothelial cell-derived EVs as a potential
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tool for developing exosome-based drug delivery systems for lung cancer treatment is a promising
approach. The characterization of these EVs and their ability to inhibit the migration of lung cancer
cells demonstrate their potential as a source of exosomes for lung cancer therapeutics. The role of
exosomes in lung cancer metastasis and their clinical applications, as well as their use as a
therapeutic approach for cancer treatment, have been extensively discussed. Further research is
needed to fully understand the role of exosomes in lung cancer and to develop effective targeted

therapies.

3.4. Engineering of endothelial cells EVs via GE11 peptide post-

insertion and loading of Vinorelbine

As we found that HUVEC-EVs could be useful for inhibiting the malignant phenotype of
lung cancer cells, we further questioned if we could tailor the exosomes to achieve the specific
targeting of lung cancer cells. As most of the cancer cells including lung cancer cells express high
levels of EGFR[315], we engineered the HUVEC-EVs via post-insertion of GE11 peptide, which
has been reported to interact with the EGFR receptor.[314]'[318] Briefly, the GE11 peptide was
dissolved in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer for 15 min at 60 °C, during
which time micelles formed. This was then mixed with HUVEC-derived exosome suspension and
incubated for 2 h at 40 °C. Next, after cooling to room temperature, exosomes were immediately
purified by size-exclusion chromatography to get GE11-modified HUVEC-EVs (GE11-HUVEC-
EVs) (Fig. 13A). The engineered exosomes were analyzed by FT-IR to confirm successful
insertion of GE11 peptide into the exosomes. Fig. 13B shows the FT-IR-based graphs and marked
characteristic peaks for the HUVEC-EVs, GE11 peptide, and GE11-HUVEC-EVs.
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As evident from the Figure 13B, there has been a shift in the IR peak after the GE11 -HUVECs-EVs as
compared to the G11 peptide alone (as indicate by the IR peak with wavenumber 1043), potentially revealing

successful integration of GE11 into the EV membrane.

This suggests about the successful and efficient functionalization of HUVEC-EVs with GE11
peptide. Size distribution analysis revealed a small shift in size after theconjugation with GE11
peptide. There was a slight change in the value of the zeta potential of HUVEC-EVs after the
functionalization with GE11 peptide, but it was not very significant (Fig. 13C, D). This suggests
that the post-insertion of GE11 peptide into the HUVEC-EVs was accomplished without much
impact on the properties of the exosome membranes. We identified ABCBL1 as one of the potential
targets for lung cancer via in silico analysis (Fig. 14A-D). ABCB1 gene, which codes for P-
glycoprotein, plays crucial physiological roles, particularly in the protection of cells and organs
against toxic compounds. Owing to its ability to recognize and transport a broad range of
substrates, this transporter can impart a chemoresistancephenotype to cancer cells. Elacridar has
been found to show a potent effect on docetaxel-resistantNSCLC cells [319]. We examined the
binding affinity of Vinorelbine towards the ABCB1 proteinand compared it with that of elacridar
and other relevant drugs. Azithromycin, clarithromycin, anderythromycin were used as additional
controls. Notably, it was found that the binding energy for the interaction between Vinorelbine and
ABCB1 was comparable to that between elacridar and ABCB1 (Fig. 15A-E, and Table 4).
Therefore, we concluded that Vinorelbine would be an appropriatecandidate anti-cancer drug for
loading into engineered exosomes. GE11-HUVEC-EVs were loaded with Vinorelbine (GE11-
HUVEC-EVs-Vino) via sonication method, and UV-visiblespectroscopy analysis showed that the
loading efficiency was approximately 32.67 %. The engineering of EVs with peptide can also be
affected by their moisture content. Table 5 lists the moisture content from the available literature.

The size distribution of engineered EVs was not remarkably altered, however the concentration of
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EVs was decreased (Fig. 16A-D, Table 6). We used GE11-HUVEC-EVs-Vino to examine its anti-

cancer effect against lung cancercells in vitro and in vivo.
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Figure 13. Characterization of engineered exosomes with GE11 peptide via post-insertion t.
(A) A schematic showing the functionalization of HUVEC-EVs with the post-insertion of GE11
peptide. (B) Representative FT-IR graphs with characteristic peaks for HUVEC-EVs, GE11
peptide, and GE11-HUVEC-EVs. (C, D) Zeta potential graphs and the corresponding quantitative
bar graph for the exosomes before and after post-insertion of the GE11 peptide. Data are shown as
mean £ S.E.M. (N=2). Statistical analysis was performed using the student’s t-test for control
HUVEC-EVs vs. GE11-HUVEC-EXO. Significance level at *P<0.05, and **P<0.01; ns = not

significant.
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Figure 14. ldentification of potential lung cancer targets via in silico analysis. (A) The
intersection of compound target proteins and lung cancer treatment targets resulted in 44
intersecting targets. (B) These 24 potential targets were imported into the STRING
(https://cn.string-db.org/) online website to obtain a PP network, which contains 24 nodes and
110 edges. The depth of color and circle size represent the corresponding size of the degree. (C)

GO enrichment analysis was conducted on these 24 potential targets, and the top 10 enrichment
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results were displayed. (D) KEGG enrichment analysis was performed on these 24 potential

targets, and the top 30 enrichment results were displayed.
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Table 4. Docking of different ligands with ABCB1.

Compound name Binding Energy Ki H-bonding with ABCB1
Azithromycin -9.80 kcal/mol 65.09 nM GIn990, Tyr310
Clarithromycin -8.05 kcal/mol 1.25uM Tyr310
Erythromycin -9.98 kcal/mol 48.71 nM GIn990
Elacridar -11.86 kcal/mol 2.03 nM Ser979
Vinorelbine -11.31 kcal/mol 5.09 nM Tyr310, GIn990
25
A s —2sum B¢ y =0.0013x+ 0.1189
50 uM o 2 R2=0.9614
2 e} *
bt 1mM ~
Q - 15 *
_‘,E 1.5 300 uM ; b
21 500 uM _'-E 11
< 05 700 uM o5
—900 uM <
0 0 T T T 1
250 290 330 —12mM o] 500 1000 1500 2000
Wavelength (nm) —14mM Concentration (uM)
C GE11-HUVEC-EVs D GE11-HUVEC-EVs-Vin
w9 w45
= .5 8 = _S 4
: 3 E Z
E 7 E 3.5
g 6 = 3
g s 25
s 4 8 2
] ]
= 3 = 15
] ]
2 2 Q 1
Q Q
o 1 o 05
0 0
0 200 400 600 800 0 200 400 600 800
Size (nm) Size (nm)

80



Figure 16. Evaluation of vinorelbine encapsulation in GE11-HUVEC-EVs. (A) UV-visible
spectra of difference concentrations of vinorelbine standard solutions. (B) Calibration standard
graph showing the linear regression between concentration of vinorelbine standard solutions and
the corresponding absorbance at the wavelength of 269 nm (Amax). (C, D) Size distribution of

engineered EVs before and after loading with vinorelbine.

Table 5. Moisture content of GE11 peptide and EVs.

Component Moisture Content Reference
GE11 peptide <5% Zhang et al. [4]
Exosomes 60-70% Hailing et al. [5]
Kar et al. [6]

Table 6. Calculation of efficiency of vinorelbine encapsulation in GE11-HUVEC-EVs.

Components Absorbance Conc. (uM)
Initial drug 0.272 200.084615 (A)
0.187 134.7 (B)

Conditioned medium after centrifugation

Drug loading efficiency =((A-B)/A)x 100 | 32.6784194 %
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Discussion

The engineering of HUVEC-EVs with the GE11 peptide, which interacts with the EGFR receptor,
has been explored as a potential strategy for achieving specific targeting of lung cancer cells. The
post-insertion of GE11 peptide into HUVEC-EVs was accomplished without significantly
impacting the properties of the exosome membranes, as confirmed by size distribution analysis
and zeta potential measurements. The identification of ABCBL1 as a potential target for lung cancer
viain silico analysis and the examination of the binding affinity of Vinorelbine towards the ABCB1
protein have been discussed. The loading of Vinorelbine into engineered exosomes (GE11-
HUVEC-EVs-Vino) via sonication method and the analysis of its anti-cancer effect against lung
cancer cells in vitro and in vivo have also been presented. The role of exosomes in cancer therapy,
including their potential as a delivery system for anti-cancer drugs, has been reviewed. Exosomes
can be engineered to target specific cells or tissues, and their natural ability to cross biological
barriers makes them an attractive tool for cancer therapy. The use of exosomes to deliver
chemotherapy drugs, such as doxorubicin and paclitaxel, has been shown to enhance their anti-
tumor efficacy and reduce their toxicity. The use of nanoparticles, including exosomes, for cancer
therapy has been discussed. Nanoparticles can be engineered to target specific cells or tissues, and
their small size allows them to penetrate deep into tumors, making them an effective tool for cancer
therapy. The use of nanoparticles to deliver chemotherapy drugs, such as doxorubicin and
paclitaxel, has been shown to enhance their anti-tumor efficacy and reduce their toxicity.
Moreover, the role of ABCB1 in multidrug resistance and its potential as a target for cancer therapy
has been extensively studied. ABCBL1 is a transmembrane protein that plays a crucial role in the
efflux of chemotherapy drugs from cancer cells, leading to multidrug resistance. Inhibitors of
ABCBL, such as elacridar, have been shown to enhance the sensitivity of cancer cells to

chemotherapy drugs. Apparently, the engineering of HUVEC-EVs with the GE11 peptide and the
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loading of Vinorelbine into these engineered exosomes are promising strategies for achieving
specific targeting of lung cancer cells and enhancing the anti-cancer effect of chemotherapy drugs.
The role of exosomes in cancer therapy, including their potential as a delivery system for anti-
cancer drugs, and the use of nanoparticles for cancer therapy have been extensively discussed. The
targeting of ABCB1, a key player in multidrug resistance, is a crucial aspect of cancer therapy, and
the use of inhibitors of ABCB1, such as elacridar, has been shown to enhance the sensitivity
ofcancer cells to chemotherapy drugs. Further research is needed to fully understand the potential

ofengineered exosomes for cancer therapy and to develop effective targeted therapies.
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3.5. GE11 peptide-engineered EVs were incorporated into EGFR-

expressing lung cancer cells and showed tumoricidal effects in vitro

To examine the effectiveness of the GE11-HUVEC-EVs, an uptake assay was performed
by incubating A549 cells with PBS, HUVEC-EVs, or GE11-HUVEC-EVs. The EV samples were
labeled with EXO-Green, whereas the A549 cells’ membrane and nucleus were stained with
phalloidin and DAPI, respectively. Interestingly, the confocal analysis revealed that GE11-
HUVEC-EVs were significantly taken up by the A549 cells but not the HUVEC-EVs, as evident
from the significant co-localization of Exo-Green and phalloidin in A549 cells treated with labeled
exosomes (Fig. 17A-C). Further, the GE11-HUVEC-EVs loaded with vinorelbine (GE11-
HUVEC-EVs-Vino) showed a significant effect on the cell viability as evident from the decline in
number of A549 cells (Fig. 17D). The enhanced level of Annexin-V, an apoptotic marker, and the
decline in the migration ability of the cells treated with GE11-HUVEC-EVs-Vin (Fig. 17E-H) also

suggest the potential of GE11-HUVEC-EVs as an effective therapeutic for lung cancer.
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Figure 17. Effect of GE11-HUVEC-EVs-Vin on malignant phenotypes of A549 lung cancer
cells. (A-C) GE11 peptide engineered endothelial cells exosomes are efficiently internalized by
the lung cancer cells. Representative immunofluorescence images showing the uptake of (A) PBS,
(B) HUVEC-EVs, and (C) GE11-HUVEC-EVs by the A549 cells. (Scale bar: 100 nm) (D) GE11-
HUVEC-EXO-Vin significantly reduced the cell viability of A549 cells. Representative bar graph
showing the effect of different treatment groups: HUVEC-EVs, GE11-HUVEC-EVs, Vinorelbine
(Vin), HUVEC-EVs-Vin, and GE11-HUVEC-EVs-Vino on the proliferation of A549 cells, as
detected by the MTT cell viability assay. (E, F) Representative immunofluorescence images
showing the expression of Annexin-V in A549 cells treated with Vin or HUVEC-EVs-Vin. (Scale
bar: 100 nm) (G, H) GE11-HUVEC-EVs significantly reduced the migration of A549 cells. (G)
Representative images from the Transwell chamber (Scale bar: 100 nm) and (H) the bar graph
showing the effect of different treatment groups: HUVEC-EVs, GE11-HUVEC-EVs, Vinorelbine,
HUVEC-EVs-Vin, and GE11-HUVEC-EVs-Vino on the migration ability of A549 cells, as
detected by the Transwell migration assay. Data are shown as mean + standard error mean
(S.E.M.); Significance level: “P<0.05, “P<0.01. The statistical comparison was performed for
control vs. HUVEC-EVs; control vs. GE11-HUVEC-EVs; control vs. Vinorelbine, control vs.

HUVEC-EVs-Vin, and control vs. GE11-HUVEC-EVs-Vin.

Discussion

The effectiveness of GE11-HUVEC-EVs as a therapeutic for lung cancer has been examined
through an uptake assay, where A549 cells were incubated with PBS, HUVEC-EVs, or GE11-
HUVEC-EVs. The results showed that GE11-HUVEC-EVs were significantly taken up by the

A549 cells, indicating their potential as a targeted delivery system for lung cancer therapy. The
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loading of vinorelbine into GE11-HUVEC-EVs (GE11-HUVEC-EVs-Vino) and its effect on cell
viability, apoptosis, and migration ability have also been investigated. The results suggest that
GE11-HUVEC-EVs-Vino has a significant effect on cell viability, inducing apoptosis and
reducing the migration ability of A549 cells, further supporting their potential as an effective
therapeutic for lung cancer. The role of exosomes in cancer therapy, including their potential as a
delivery system for anti-cancer drugs, has been reviewed. Exosomes can be engineered to target
specific cells or tissues, and their natural ability to cross biological barriers makes them an
attractive tool for cancer therapy. The use of exosomes to deliver chemotherapy drugs, such as
doxorubicin and paclitaxel, has been shown to enhance their anti-tumor efficacy and reduce their
toxicity. The use of nanoparticles, including exosomes, for cancer therapy has been
discussed. Nanoparticles can be engineered to target specific cells or tissues, and their small size
allows them to penetrate deep into tumors, making them an effective tool for cancer therapy. The
use of nanoparticles to deliver chemotherapy drugs, such as doxorubicin and paclitaxel, has been
shown to enhance their anti-tumor efficacy and reduce their toxicity. Furthermore, the role of
ABCBL in multidrug resistance and its potential as a target for cancer therapy has been extensively
studied. ABCB1 is a transmembrane protein that plays a crucial role in the efflux of
chemotherapy drugs from cancer cells, leading to multidrug resistance. Inhibitors of ABCBL1, such
as elacridar, have been shown to enhance the sensitivity of cancer cells to chemotherapy drugs. In
conclusion, the use of GE11-HUVEC-EVs as a targeted delivery system for lung cancer therapy
is a promising approach. The loading of vinorelbine into these engineered exosomes and their
effect on cell viability, apoptosis, and migration ability suggest their potential as an effective
therapeutic for lung cancer. The role of exosomes in cancer therapy, including their potential as a

delivery system for anti-cancer drugs, and the use of nanoparticles for cancer therapy have been
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extensively discussed. The targeting of ABCB1, a key player in multidrug resistance, is a crucial
aspect of cancer therapy, and the use of inhibitors of ABCBL, such as elacridar, has been shown to
enhance the sensitivity of cancer cells to chemotherapy drugs. Further research is needed to fully
understand the potential of engineered exosomes for cancer therapy and to develop effective

targeted therapies.

3.6. GE11-HUVEC-EVs-Vin showed a tumoricidal effect in an in vivo

mouse model of lung cancer.

To validate the in vitro results in vivo, we developed a xenograft model of lung cancer via
injection of A549 cells into severe combined immunodeficiency disease (SCID) mice as described
previously [320] and as per the protocol (approval number is REC/21-22/0265) of the Research
Ethics Committee at the Hong Kong Baptist University. The H&E staining of lung tissue samples
from the xenograft mice showed significant malignant cell proliferation compared to the control
mice, which established the formation of the xenograft mice model of lung cancer (Fig. 18A, B).
Fixed lung tissue sections from the xenograft mice treated with PBS, HUVEC-EVs, GE11-
HUVEC-EVs, vinorelbine (Vin), and GE11-HUVEC-EVs-Vin were stained with DAPI, EGFR,
and Ki67 (a marker for proliferating cells). Notably, the expression level of EGFR and Ki67 was
significantly reduced in the mice treated with GE11-HUVEC-EVs-Vin; the level was comparable
with the effect of vinorelbine alone (Fig. 18C-G). The H& E staining of tissue samples from
different organs of immunodeficient mice treated with engineered exosomes showed that no
significant toxicity occurred in brain, heart, lung, liver, spleen, and kidney (Fig. 19A-F). This

suggests that GE11-HUVEC-EVs-Vin was effective in lung cancer therapeutics in in vivo.

88



Discussion

The validation of in vitro results in vivo is a crucial step in the development of effective cancer
therapeutics. In this context, a xenograft model of lung cancer was developed by injecting A549
cells into severe combined immunodeficiency disease (SCID) mice. The formation of the
xenograft mice model of lung cancer was established through H&E staining of lung tissue samples,
which showed significant malignant cell proliferation compared to control mice.The treatment of
xenograft mice with PBS, HUVEC-EVs, GE11-HUVEC-EVs, vinorelbine (Vin), and GE11-
HUVEC-EVs-Vin was evaluated through the staining of fixed lung tissue sections with DAPI,
EGFR, and Ki67. The results showed that the expression level of EGFR and Ki67 was significantly
reduced in mice treated with GE11-HUVEC-EVs-Vin, comparable to the effect of vinorelbine
alone. This suggests that GE11-HUVEC-EVs-Vin was effective in lung cancer therapeutics in
vivo. The use of xenograft models for studying lung cancer has been extensively discussed.
Zebrafish xenograft models have been shown to be a rapid and intuitive model for studying lung
cancer, offering advantages over traditional mouse models. The validation of in vivoxenograft
models has also been demonstrated using multicellular tumor microenvironment systems, which
have been shown to predict drug response to EGFR inhibitors in non-small cell lung cancer
(NSCLC). The role of EGFR in lung cancer and its targeting for therapy has been extensively
studied. EGFR mutations are a common feature of NSCLC, and EGFR tyrosine kinaseinhibitors
have been developed as a targeted therapy for these mutations. The use of EGFR inhibitors has
been shown to be effective in patients with EGFR mutations, highlighting the importance of
targeting EGFR in lung cancer therapy. Conclusively, the validation of in vitro results in vivo is a
crucial step in the development of effective cancer therapeutics. The use of xenograft models,

including zebrafish and mouse models, has been shown to be effective in
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studying lung cancer and validating the efficacy of targeted therapies. The targeting of EGFR in
lung cancer therapy has been extensively studied, and EGFR inhibitors have been shown to be
effective in patients with EGFR mutations. Further research is needed to fully understand the
potential of engineered exosomes for lung cancer therapy and to develop effective targeted

therapies.

HUVEC-EVs GE11-HUVEC-EVs Vin GE11-HUVEC-EVs-Vin

DAPI
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Figure 18. GE11-HUVEC-EVs-Vin significantly reduced the expression of EGFR and Ki67
in the lung tissue of a xenograft mouse model of lung cancer. (A, B) Representative H&E
staining of the lung tissue of SCID WT and the lung cancer xenograft mouse model. (Scale bar:
50 pum) (C-G) Representative immunofluorescence images showing the effect in different
treatments: HUVEC-EXO, GE11-HUVEC-EVs, vinorelbine, HUVEC-EVs-Vino, and GE11-
HUVEC-EVs-Vino on nuclei (depicted by blue color; DAPI), EGFR (green), and Ki67 (red) in the

lung tissue of xenograft mouse model of lung cancer (Scale bar: 50 pum)

Figure 19. Evaluation of in vivo toxicity of GE11-HUVEC-EVs in major organs of mice.
H&E-stained images of major organs of lung cancer xenograft mice: (A) brain, (B) heart, (C) lung,

(D) liver, (E) spleen, and (F) kidney.
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CHAPTER 4

CONCLUSIONS

Lung cancer, a prevalent form of cancer, presents significant challenges in treatment due
to its lack of specificity and potential harm to healthy cells. In addressing these obstacles, NDDS
has emerged as a promising solution. While traditional NDDSs have limitations such as immune
responses and susceptibility to the reticuloendothelial system (RES), extracellular vesicles (EVS)
offer a compelling alternative. These EVs, naturally released from cells, possess the ability to
bypass the RES without requiring surface modifications, thereby minimizing toxicity to healthy
cells. Consequently, they stand out as a viable candidate for the development of a targeted drug
delivery system for lung cancer. In particular, human umbilical endothelial cell (HUVEC)-derived
EVs (HUVEC-EVs) have exhibited anti-angiogenic properties in a lung cancer mouse model,
leading to their selection as carriers for drug delivery in this study. To enhance their specificity for
lung cancer cells, HUVEC-EVs were engineered to display the GE11 peptide (GE11-HUVEC-
EVs), which binds to the EGFR overexpressed on the surface of lung cancer cells. Subsequently,
these GE11-HUVEC-EVs were loaded with vinorelbine (GE11-HUVEC-EVs-Vin) and
meticulously characterized and assessed in both in vitro and in vivo lung cancer models. Further,
the study delved into investigating the binding affinity of ABCB1, which encodes P-
glycoprotein—a key player in chemoresistance through drug efflux mechanisms. The findings
from this research underscored the efficacy of GE11-HUVEC-EVs-Vin in exerting tumoricidal

effects against lung cancer cells in both cell cultures and mouse models.
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The overexpression of the EGFR gene has emerged as a critical factor associated with the
diminished survival rates observed in lung cancer patients. This genetic anomaly not only serves
as a prognostic indicator but also underscores the complexity of treatment strategies required to
combat this aggressive form of cancer effectively. The intricate interplay between genetic
predisposition and therapeutic interventions forms the cornerstone of advancements in lung cancer
research and treatment modalities. Next, moving beyond the genetic level, the overexpression of
the EGFR protein on the membrane of A549 cells within hypoxic tumor microenvironments
(TMESs) unveils a microenvironmental influence on cancer progression and treatment response.
This heightened expression of EGFR protein signifies a potential target for precision medicine
approaches aimed at disrupting signaling pathways crucial for tumor growth and metastasis.
Understanding the spatial and temporal dynamics of protein expression within the tumor
microenvironment opens new avenues for personalized therapies tailored to individual patient
profiles. In the realm of innovative therapeutic strategies, endothelial cell-derived extracellular
vesicles (EVs) have emerged as versatile vehicles capable of modulating the behavior of lung
cancer cells. By attenuating the migration of these malignant cells, EVs derived from endothelial
cells showcase their potential as regulators of tumor progression and metastatic spread. This
nuanced interaction between EVs, and cancer cells highlights the intricate crosstalk within the
tumor microenvironment, shedding light on novel mechanisms that can be harnessed for

therapeutic benefit.

The evolution of drug delivery systems has witnessed a paradigm shift with the engineering
of endothelial cell EVs through GE11 peptide post-insertion and subsequent loading of
Vinorelbine. This innovative approach not only enhances the specificity of drug delivery to target

cancer cells but also minimizes off-target effects on healthy tissues. By leveraging the unique
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properties of EVs and molecular targeting strategies, researchers have unlocked a new dimension
in precision medicine, where therapeutic payloads can be precisely delivered to their intended

cellular destinations.

The integration of GE11 peptide-engineered EVs into EGFR-expressing lung cancer cells
marks a pivotal advancement in targeted therapy for lung cancer. Through meticulous in vitro
studies, these engineered EVs have demonstrated potent tumoricidal effects, underscoring their
efficacy in selectively targeting cancer cells while sparing normal tissues. This targeted approach
holds immense promise for enhancing treatment outcomes and reducing adverse effects associated

with conventional chemotherapy regimens.

Translating these promising findings from bench to bedside, GE11-HUVEC-EVs loaded
with Vinorelbine have exhibited remarkable tumoricidal effects in an in vivo mouse model of lung
cancer. This preclinical success not only validates the efficacy of this novel drug delivery system
but also paves the way for future clinical trials aimed at evaluating its safety and efficacy in human
patients. The ability of GE11-HUVEC-EVs-Vin to elicit a tumoricidal response in a living
organism underscores its potential as a transformative therapy for lung cancer, offering new hope

for patients battling this devastating disease.

Conclusively, the convergence of genetic insights, microenvironmental influences,
innovative drug delivery systems, and targeted therapies has ushered in a new era in lung cancer
research and treatment. The journey from understanding genetic aberrations to developing
precision therapies tailored to individual patients represents a paradigm shift in oncology. As we
navigate this complex landscape of molecular intricacies and therapeutic innovations, one thing
remains clear: our relentless pursuit of scientific discovery and clinical translation holds the key to

unlocking brighter prospects for lung cancer patients worldwide.
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CHAPTER 5

DISCUSSION

EGFR overexpression is a common feature of lung cancer and is associated with poor
patient survival. It has been found that EGFR overexpression drives cancer cell proliferation,
migration, and invasion, and also confers resistance to conventional therapy. Even our in-silico
bioinformatics analysis using the TCGA dataset, we found that EGFR is highly expressed on the
lung cancer cells, and the high expression of EGFR is correlated with poor survival of lung cancer
patients (Fig. 1A-H, 2A-C). Therefore, developing effective strategies to target EGFR
overexpression is a critical unmet need in lung cancer treatment. Furthermore, in the TME, various
stromal cells including endothelial cells support cancer cells’ malignant progression [321].
Interestingly, the HUVEC has shown anti-angiogenic activity in lung cancer mouse model [317].
This compelled us to examine the anti-migration ability of the HUVEC-EVs, as the autologous
exosomes have been reported to mimic the constituents as well as the phenotypes of their parent
cells [16][322]. In a similar line, we isolated exosomes from HUVEC and incubated them with
A549 lung cancer cells. It was found that HUVEC-EVs exhibit inhibitory effect on the migration
of lung cancer cells (Fig. 3A-E), demonstrating their aptness as a source of exosomes for lung cancer

therapeutics.

Exosome-based targeted delivery is of paramount importance in cancer therapy. Exosomes,
with their small size, biocompatibility, and low immunogenicity, serve as ideal drug carriers. They
can deliver various therapeutic agents such as chemotherapeutic drugs, nucleic acids, and proteins

to cancer cells, enhancing drug stability and tissue-specific targeted delivery. Tumor-derived
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exosomes exhibit remarkable targeting ability against cancer cells, offering a promising approach
for effective and personalized cancer treatment. Genetically engineered exosomes loaded with
anti-cancer drugs hold potential for more effective and personalized cancer therapies
[323][294][324]. Besides, peptide-based functionalization of exosomes has also attracted attention
owing to their ability to accomplish targeted delivery [325]. Particularly, GE11; a synthetic peptide
that binds to EGFR with high specificity and affinity, has been shown to be effective for targeting
cancer cells in vitro and in vivo [318]. In this study, we for the first time decorated HUVEC-EVs
with GE11 peptide via post-insertion technique (Fig. 4A). Post-insertion technique offers several
advantages for targeted drug delivery in cancer therapy. Unlike genetic modification at the cellular
level, post-insertion allows for the introduction of targeting moieties in exosomes after their
isolation. This method is relatively simple and avoids gene-related side effects, providing a more
controlled and specific approach to functionalizing exosomes. Additionally, it facilitates the
induction of functionality in lipid membrane-based nanomaterials without the limitations of direct
chemical modification methods [326][327]. Subsequently, the evaluation of exosomes with FT-IR
and DLS established their successful engineering with GE11 peptide (Fig. 4B), without much

impact on their membrane potential (Fig. 4C).

Using autologous exosomes for drug delivery to the same origin of parent cells offers
significant advantages. These exosomes, derived from the patient's own cells, are well-tolerated
and less likely to trigger immune responses. They also reflect the phenotypic state of the parent
cells, enhancing their specificity and effectiveness in delivering therapeutic agents to the target
cells. This personalized approach holds great potential for improved treatment outcomes in cancer
therapy [16][328]. Apparently, as we chose endothelial cells-derived exosomes, it is imperative

that HUVEC-EVs would be attracted to the endothelial cells, which is one of the crucial
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components of the TME [329]. Further, we examined the uptake of GE11-HUVEC-EVs by the
A549 lung cancer cells, and importantly, GE11-HUVEC-EVs was internalized by the A549 cells,
relatively better than HUVEC-EVSs, suggesting towards the successful targeting ability of GE11
toward the EGFR (Fig. 5A-C). Subsequently, the GE11-HUVEC-EVs was found to be effective
in showing tumoricidal effect towards the lung cancer cells in vitro (Fig. 5D-H) as well as in vivo
(Fig. 6A-G). Conclusively, the engineered endothelial cells-derived exosomes with GE11 peptide
via post-insertion method, was found to be an effective targeted drug delivery approach for
potential lung cancer therapeutics. The stability of HUVEC-EV in the lung cancer
microenvironment is quite evident with the green fluorescent protein (GFP) expression of EXO-
Green labelled control and engineered HUVEC-EVs, as shown in Fig. 17A-C. Moreover, the
positive effect of the EVs on the migration, proliferation, and apoptosis of A549 cells, further

validated the functional integrity and stability in the lung cancer microenvironment.

Despite the effectiveness of our strategy in in vitro and pre-clinical model, several potential
challenges do persist. One potential challenge of using engineered exosomes for lung cancer
treatment is that exosomes can also be released by tumor cells. Tumor-derived exosomes can
promote tumor growth and metastasis [330][331]. Therefore, it is important to develop strategies
to distinguish between engineered exosomes and tumor-derived exosomes. Another potential
challenge is that engineered exosomes may be degraded by enzymes in the bloodstream or taken
up by non-target cells. Therefore, it is important to engineer exosomes to be resistant to degradation
and to target them specifically to tumor cells [330]. Moreover, obtaining the appropriate quantity
of peptide-functionalized exosomes is difficult due to peptide breakdown by endosomal proteases
in the cell during exosome production. To stop peptide degradation, Huang et al. conjugated a

targeting peptide with a glycosylation sequence using a genetic engineering technique [94].
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In future, this study could also be extended to other types of cancer, via customizing the exosome
with different ligands against their respective cancer specific receptors. Further, the source of exosomes can

be changed depending on the cell types, whichis being targeted.

In the context of clinical translational value, EV's show promise in lung cancer therapy by enhancing
drug delivery and stimulating immune responses. Conjugating EVs with the GE11 peptide targets EGFR-
expressing tumors, which can enhance the delivery of therapeutic agents to lung cancer cells. This approach
potentially reduces side effects and improves treatment efficacy, offering promising clinical translational
value in treating lung cancer. Additionally, clinical evaluations are warranted to evaluate the safety and

efficacy of GE11 peptideengineered exosomes in patients with lung cancer.
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