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The escalating global impact of cancer demands targeted and efficient therapies. Many targeted cancer therapeutics have been
fostered into the market in recent years. The leading class of targeted therapeutics is monoclonal antibodies (mAbs). The success
of mAbs sparked significant interest and subsequently paved the way for the development of various recombinant protein-based
products that were conjugated to other compounds to form antibody-drug conjugates (ADCs) for the treatment of cancer. This
review explores diverse mAb conjugation strategies and pioneering approaches for cancer applications, to optimize drug deliv-
ery through site-directed conjugation, prodrug conjugates and antibody conjugated nanoparticles. It also highlights promising
innovations and addresses challenges including stability issues of ADCs, drug resistance, payload retention and some of the short-
comings of ADCs such as limited bioavailability, short serum half-life, and reduced drug buildup caused by obstacles in the tumor
environment primarily associated with heightened interstitial fluid pressure (IFP).
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Introduction

Cancer is a growing disease burden worldwide and the
rate of mortality amongst some cancer types such as lung
cancer is on the rise when compared to other cancers. It is
estimated that the overall global new cancer cases will reach
up to 27.5 million by the year 2040, a substantial increase
from 18.1 million in 2018 [1-3]. In the last three decades,
extensive effort has been made to develop monoclonal an-
tibody (mAb) based therapeutics that selectively target tu-
mors with fewer side effects compared to conventional ther-
apies such as radiation or chemotherapy, which is mostly
associated with systemic distribution and hence linked to
an array of side effects (e.g., nausea) [4,5]. mAbs can be
designed to bind to a wide range of overexpressed target
receptors on the surface of tumors, subsequently trigger-
ing the immune system and exerting its therapeutic effects
through different mechanisms: complement-dependent cy-
totoxicity (CDC); antibody-dependent cell-mediated cyto-
toxicity (ADCC); antibody-dependent cellular phagocyto-
sis (ADCP) and complement-dependent cellular cytotoxic-
ity (CDCC) [6-8].

The advancements in mAb based therapeutics have
paved the way for the development of antibody-drug conju-
gates (ADCs), a treatment approach that demonstrated ef-
ficacy in the delivery of the payload to the tumor site to
cause cell death and apoptosis at lower concentrations than
the mAb solely while providing target specificity [9-11].
However, there are many factors that are responsible for the
failure rates of ADCs in pre-clinical studies [12]. Linker

instability is one of the contributing factors [12]. In recent
years researchers have found that the widely enzymatically
cleavable valine-citrulline (VC) linker, specifically the VC
linker is mis-cleaved by an extracellular carboxylesterase
lc (Ceslc) enzyme, consequently the payload is released
prematurely in the mouse xenograft model [13]. The pri-
mary concern of poor ADC stability in the circulation is ad-
verse effects resulting in poor patient adherence and treat-
ment delays. Recent findings suggest that the use of glu-
tamic acid-glycine-citrulline (EGCit) linkers in design of
an ADC can mitigate this concern as the linker has the abil-
ity to defy degradation mediated by the neutrophil protease
[14].

Traditionally, the linker-payload moiety is conjugated
to a mAb mainly via cysteine or lysine residues in an ADC,
C- or N-terminals, or via site-directed conjugation [12]. Al-
though there is plenty of surface lysine, free cysteine is
usually formed by breaking one or more disulfide bonds
on a mAb which can result in structural instability. Site-
directed conjugation involves engineering specific sites on
the antibody to attain a homogenous ADC. This approach
can overcome the limitations associated with heterogenous
ADC design in some of the former methods wherein the
structural integrity, stability, therapeutic index, and phar-
macokinetics might be compromised [10,15-18]. There
are different site-directed conjugation strategies including
THIOMAB™ drug conjugate (TDC) technology, incorpo-
ration of unnatural amino acids (UAAs), site-specific gly-
can conjugation, and peptide tags for site-specific conjuga-
tion [10,16-18].
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The antibody conjugated nanoparticle (ACNP) is a rel-
atively novel format where targeted drug delivery and en-
hanced efficacy of nanoparticles are achieved by the speci-
ficity of antibodies [19-22]. Nanoparticles (NPs) are com-
monly designed in various sizes, i.e., inorganic NPs are usu-
ally up to 100 nm in size to ensure tumor entry and liposo-
mal NPs are usually 80—100 nm [23,24]. Smaller NPs war-
rant penetration but suffer from poor accumulation in the tu-
mor site. On the other hand, larger NPs present good accu-
mulation with poor tumor penetration characteristics [25].
Tumor microenvironments can differ due to factors such as
variation in acidity, overexpressed enzymes, and other fac-
tors [22,24,26]. Thus, by tuning the size and modification
of the surface via different functional groups, tumor pen-
etration and retention of nanoparticles could be tailored to
the tumor microenvironment [22,24-28].

There are various classes of nanoparticles including
polymeric, inorganic and lipid nanoparticles that possess
many characteristics such as prolonged circulation time,
and transportation across membranes, that can overcome
common limitations in drug transport and delivery [29,30].
Out of which gold nanoparticles (AuNPs) have been widely
studied along with magnetic iron oxide NPs, composed of
magnetite (Fe3O4) or maghemite (FeoO3) which can be
used as drug delivery vehicles and thermal based therapeu-
tics [22,31]. However, some of the limitations including
low solubility and toxicity concerns require further investi-
gation [30,32].

So far, there have been numerous liposomal nano-
materials that have gained regulatory approval [33,34].
Out of which, Doxil®, Onivyde®, Marqibo kit®, My-
ocet®, Mepact®, and Vyxeos® DaunoXome®, Lipusu®,
Abraxane®, Genexol-PM®, PICN®, Paclical®, Hensify®,
DHP107®, NanoTherm®, Nanoxel®, Depocyt®, were ap-
proved for the treatment of various types of cancer [7,34—
36]. PEGylated (PEG) liposomes have shown an improved
circulation time and enhanced bioavailability compared to
non-PEGylated liposomes. Along with the various advan-
tages of PEGylated liposomes, off-target toxicities can also
be minimized with the attachment of mAbs onto the surface
of liposomes [20].

With the growing burden of drug resistance for the
treatment of some cancers, the development and discov-
ery of prodrug conjugates as a new modality emerged as
a promising approach. The idea of prodrug conjugates was
somewhat based on the mechanism of action of cleavable
linkers requiring cleavage by a specific protease to release
the payload [37]. To this end, novel prodrug conjugates
such as peptide drug conjugates (PDCs) have gained inter-
est recently. Much like an ADC, a PDC is comprised of a
peptide that is attached to a linker and a cytotoxic payload
[38,39]. The small size of the peptide is a highly advan-
tageous characteristic for some applications. For example,
for cancers that tend to metastasize in the brain, small size
peptide constructs have the ability to penetrate the blood-

brain barrier (BBB) and can be quickly cleared from the
blood circulation [40,41]. Realizing the full potential of
this approach is important considering the limited options
currently available to treat this type of cancer, and inoper-
able or unresectable brain tumors due to their location and
the risk of injury to the brain entailed during surgery [42].
Moreover, the prevalence of brain cancer is small with a
ten-year survival rate of less than 32% [43]. This alarm-
ing figure affirms that research towards the treatment and
development of novel therapies against brain cancers is of
considerable importance.

This review delineates various mAb conjugation
strategies and approaches that have the potential to en-
hance drug delivery and therapeutic efficacy, for various
cancers particularly in the challenging context of brain can-
cers, where limited treatment options and low survival rates
demand novel therapeutic approaches to potentially revolu-
tionize the treatment landscape.

Antibody Site-Directed Conjugation Strategies

Commonly used conjugation strategies for ADCs in-
volved conjugation of a linker-drug complex to glycosyla-
tion groups, cysteine, or lysine residues on the mAb that
produce a more heterogenous ADC [44]. Site-specific drug
attachment leads to more homogeneous conjugates and al-
lows control of the site of drug attachment along with sev-
eral other advantages including improved therapeutic index
and an extended serum half-life [45]. This process involves
conjugating a known number of cytotoxic payloads to en-
gineered sites on the mADb, that are stable conjugation sites
without affecting its ability to bind to the antigen [10,16—
18] and attaining a specific drug-antibody-ratio (DAR) or
pharmacokinetics [46]. Leading the way is the application
of the recently developed AJICAP® technology involving
chemical conjugation to produce site-specific ADCs [47].
A recent study utilized the AJICAP® technology to de-
velop Trastuzumab-AJICAP-MMAE, the study employed
various analytical methods to determine the DAR of the pu-
rified and unpurified Trastuzumab-AJICAP-MMAE. The
resulting DAR for the purified sample was 2.0 and the un-
purified sample was 1.6. A similar result was generated
across all analytical methods that were used in the study
[48]. There have been several approaches to achieving site-
specific conjugation. The current conjugation strategies
are cysteine (Cys) engineering using THIOMAB™ tech-
nology, incorporation of UAAs, site-specific glycan con-
jugation, peptide tags for site-specific conjugation, and C-
or N-terminal conjugation [49-52]. Fig. | illustrates com-
monly used site-specific conjugation techniques. All fig-
ures were created using Adobe illustrator software (version
26.0.2, Adobe Inc., San Jose, California, USA).

Overall, each site-specific conjugation approach has
its strengths and weaknesses. Site-directed mutation us-
ing THIOMAB™ offers controlled, homogenous ADCs
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Fig. 1. Major classes of site-specific conjugation techniques. (A) Cysteine-mediated conjugation using THIOMAB™ technology, (B)

antibody reengineering to incorporate unnatural amino acids, (C) site-specific glycan conjugation, and (D) coupling unique short peptide

tags to drug-linkers.

with improved stability and selectivity, while UAAs of-
fer promise in achieving enhanced in vitro and in vivo ef-
fects. Site-specific glycan conjugation preserves antigen
binding and offers consistent glycan patterns, but the pro-
cess is complex. Peptide tags provide a versatile method
for enzyme modification but require specific tag introduc-
tion and costly enzymes. These site-specific conjugation
approaches are explored in the following sections.

Site-Directed Cysteine Conjugation

A commonly used method of Cys conjugation incor-
porates disulfide bond breakage and results in a heteroge-
nous ADC [12,50]. In vivo studies, using this method of
Cys conjugation demonstrated that a DAR of 4 was optimal,
but when the DAR was decreased to 2, the performance
of the ADC decreased while tolerability was improved
[53]. Reducing the interchain disulfides involves using a
reducing agent such as DTT that results in a heterogenous
ADC that exposes between 2—8 sulfhydryl groups preced-

ing linker-payload conjugation [12,50,54]. This method of
conjugation using disulfide bond breakage was adopted in
the development of the ADC, Brentuximab vedotin (Ad-
cetris®: Seattle genetics) [12]. However, ADC heterogene-
ity makes it challenging to predict the stability, therapeu-
tic window, structural integrity, and pharmacokinetics [55—
57].

However, site-directed mutation can be used to ad-
dress ADC heterogeneity and this method has many advan-
tages. THIOMAB™ or TDC technology which is Cys en-
gineering method involves the introduction of Cys residues
on the heavy and light chains of the constant domain of the
fragment antigen-binding (Fab) region on mAb to attain a
homogenous ADC which allows control in the number and
location of conjugation sites without hindering the binding
site of the mADb as well as other advantages such as high po-
tency, stability, structural integrity and selectivity (Fig. 1A)
[49,58-61].
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This method of conjugation was employed with the
ADC Polatuzumab vedotin (Polivy®: Genentech/Roche)
[62,63]. A study that focused on targeting Mucin 16
(MUC16), an antigen overexpressed in ovarian cancer,
compared the in vivo properties of an ADC witha DAR ~3.1
and TDC with a DAR ~1.6, and interestingly demonstrated
that the TDC had comparable antitumor activity with lower
toxicity and an improved therapeutic index in comparison
to the ADC with a higher drug loading [17]. According
to these results, an improved therapeutic index of the TDC
means better tolerability and thereby a higher dose admin-
istration.

Site-directed conjugation can also be used to address
antigen binding. Antigen binding in some cases is com-
promised following conjugation. Glycoengineering ap-
proaches ensure the antigen site is unaffected by conjuga-
tion, attributed to the distance from the engineered site to
the antigen binding site. However, the greatest concern
with this approach is the generation of homogenous gly-
cans. Apart from this, it is challenging to control the loca-
tion of the modification on the mAb and the sum of modi-
fications [64].

Enzymatic modifications involving the use of short
peptide tags have advantageous selectivity and stability ca-
pabilities. Additionally, this method has the potential to
attain a more predictable DAR [64]. Although there is
no requirement for any engineering, specific enzymes and
reagents necessary for this method of conjugation are ex-
pensive, moreover, the immunogenicity of peptide tag con-
jugation has not been widely studied [52].

Engineering the Antibody to Incorporate Unnatural
Amino Acids (UAAs)

Site-specific incorporation of UAAs involves spe-
cific alteration of the ketone groups without hindrance
from other amino acids (Fig. 1B) [65]. It requires co-
expression of tRNA/aminoacyl-tRNA synthetase (aaRS),
an amber suppressor and the antibody in a mammalian
cell culture such as Chinese hamster ovary (CHO) cells,
to integrate engineered unnatural amino acids such as p-
acetylphenylalanine (pAcF) or selenocysteine onto an anti-
body using an amber stop codon (UAG) [66,67]. The pAcF
unnatural amino acid contains a ketone functional group
that is absent in natural amino acids [68].

A study that site-specifically integrated pAcF on an
anti-HER2 (human epidermal growth factor receptor 2) an-
tibody comprised of a potent tubulin inhibitor auristatin via
an oxime linker showed promising results, demonstrating
potent in vitro cytotoxicity [68].

In another study, a different approach was employed
using cell free protein synthesis to demonstrate that the in-
corporation of para-azidomethyl-l-phenylalanine (pAMF)
promotes conjugation between the auristatin payload and
the HER2 binding mAb [69]. As a result, the ADC
showed promising in vitro results. Moreover, an anti-HER2

ADC, ARX788 that incorporated unnatural amino acids
into its design [70,71] is currently undergoing Phase I clin-
ical trials for solid tumors that express the HER2 antigen
(NCT03255070) [72]. Compared to TDCs, UAAs tend to
exert superior effects in vivo [49].

Site-Specific Glycan Conjugation

Glycosylation is important for the aggregation propen-
sity and structural stability of glycoproteins including mon-
oclonal antibodies [8,56,73,74]. Site-specific glycan con-
jugation involves conjugating the drug-linker to existing
glycans that present in the fragment crystallizable (Fc) re-
gion attached to N297 at the CH2 domain instead of cou-
pling hydrophobic cytotoxins via linkers into amino acid
residues such as Cys or lysine (Lys) (Fig. 1C) [49]. Alter-
natively, additional glycosylation sites can be introduced
for this purpose [74]. This site-specific conjugation ap-
proach has several advantages; it does not hinder the anti-
gen binding domains since conjugation is at the Fc re-
gion of the antibody and in addition, glycan remodeling is
ideal since the glycosylation pattern around the antibody is
fairly consistent [51]. There are several different monosac-
charides present at the non-reducing terminus of the gly-
cans: including fucose, galactose, N-acetylgalactosamine
(GalNAc), N-acetylglucosamine (GIcNAc), and sialic acid
(SA) [49,51,74,75]. The monosaccharides act as a chemi-
cal handle to conjugate cytotoxic payloads preceding oxime
ligation of the payload.

There are two steps involved in conjugating the drug-
linker to the glycans: the first step involves trimming
the antibody’s native glycan via (-galactosidase, which
cleaves the terminal galactose moieties or via endogly-
cosidase, which cleaves after the innermost GlcNAc¢ moi-
ety. The second step involves the rebuilding of the glycan
by installing an unnatural sugar moiety containing a han-
dle for further bioconjugation [54]. For conjugation using
the GlyCLICK® (Genovis AB, Sweden and Cambridge,
MA, USA) procedure to produce conjugates with DARs
of 2 and 4, the first step is performed at room temperature
which involves cleavage of the native glycan after the in-
nermost GlcNAc moiety endoglycosidase, the trimmed an-
tibody is readily separated from the immobilized enzyme.
Step 2 involves (-1,4-galactosyltransferase-mediated in-
stallation of the azide-functionalized unnatural sugar that
occurs overnight at 30 °C [54,76]. In the last step, the
alkyne-functionalized payload reacts with the azide handle
at room temperature.

Furthermore, an anti-NaPi2b (sodium-dependent
phosphate transport protein 2b) ADC (XMT-1592), de-
veloped by Mersana therapeutics, is currently undergoing
Phase I/II clinical trials (NCT04396340), indicated for
ovarian cancer or non-small cell lung cancer (NSCLC) that
express the antigen sodium-dependent phosphate trans-
port protein 2b (NaPi2b) [72]. The ADC employed the
auristatin microtubule inhibitor, F-hydroxypropylamide
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(F-HPA). It uses Synaffix GlycoConnect™ technology
that is similar to GlyCLICK® technology, cleaving native
glycans on the mAb, followed by attaching a sugar handle
for the payload conjugation [54,77]. The anti-NaPi2b ADC
yielded a DAR of 6 [78].

Peptide Tags for Site-Specific Conjugation

Peptide tag site-specific conjugation introduces
unique short peptide tags onto antibodies for enzyme
modification either in vivo or in vitro. They allow specific
amino acids in the peptide tags to be functionalized and
coupled to the drug-linkers, i.e., coupling of cytotoxins to
specific short peptide tags that contain four to six amino
acid residues (Fig. 1D) [49,66,79].

There are multiple strategies to utilize peptide tags
in site-specific conjugation. Bond forming enzymes such
as microbial transglutaminase (mTG), sortase A (SrtA)
and formylglycine generating enzyme (FGE) recognize and
commonly catalyze the attachment of glutamine moieties
to the mADb at the C or N terminal the conjugation of these
unique peptide tags to the mAb [50,51,67,79,80]. These
tags can be attached to small molecules or to amino acids
at different sites on the antibody. Sortase A usually recog-
nizes the five-residue motif, LPXxTG. It exchanges a part of
the recognition sequence with a separate peptide conjugated
to a labelling moiety through cleavage of the amide bond
between glycine and threonine of the LPxTG motif and
thereby SrtA catalyzes the attachment of glycine functional-
ized drugs at the C-terminal of the mAb [50,51,80,81]. FGE
enzyme works by oxidizing a cysteine residue to formyl-
glycine. It recognizes the six-residue motif, LCxPxR which
is an aldehyde-tag [50,80,81].

An ADC, TRPH-222, targeting the CD22 antigen with
a DAR of 2, incorporated fully-galactosylated IgG on each
heavy chain of the mAb. It employed a non-cleavable linker
and a maytansinoid microtubule inhibitor, and it has com-
pleted Phase I clinical trials (NCT03682796) for the treat-
ment of relapsed/refractory B-cell lymphoma [72].

Moreover, microbial transglutaminase (mTG) could
catalyze bond formation using a wide range of amino
substrates by forming isopeptide bonds between primary
amines and glutamine [45,51,82,83]. In addition, Strop et
al. [55] demonstrated the efficacy of mTG in recognizing
the glutamine tag and catalyzing the reaction by engineer-
ing a glutamine tag (LLQG) on the mAb. They showed that
mTG successfully conjugated twelve out of ninety sites in
an anti-epidermal growth factor receptor (anti-EGFR) anti-
body. They used an amine containing drug valine-citrulline
monomethyl auristatin D (VC-MMAD) to amplify the abil-
ity of the enzyme to recognize and transfer the drug to
glutamine tags LLQGA in the C-terminal heavy chain and
GGLLQGA in the C-terminal light chain that were engi-
neered into an antibody molecule. The study found that
the site of attachment of the peptide tags impacts not just
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pharmacokinetics but also conformational stability. This
approach has the ability to produce ADCs with optimal in
vitro and in vivo antitumor activities [51,66].

Tuning Nanoparticles for ADC-NP Synthesis
and Conjugation

Nanoparticles (NPs) have been used in a wide range
of applications including drug delivery. Various types of
nanomaterials can be synthesized in different sizes [84—
86]. Each type of NP has its advantages and disadvan-
tages. NPs fall into one of three classes: inorganic (e.g.,
gold, silver, iron oxide, silica, or quantum dots), polymeric
(e.g., dendrimer, polymer micelle or nanosphere), and lipid-
based (e.g., liposome, lipid NP or emulsion) [30]. They are
used as delivery agents that either attach to or encapsulate
therapeutic drugs to ultimately deliver them to the target
site. They are characterized using various analytical tech-
niques such as transmission electron microscopy (TEM),
dynamic light scattering (DLS), ultraviolet-visible spec-
troscopy (UV-Vis), surface plasmon resonance (SPR), and
fourier transform infrared (FT-IR) spectroscopy [24,87,88].

An important factor to consider in the design of a
nanoparticle is its size [89]. It is known that larger nanopar-
ticles tend to have poor cell and tissue penetration but bet-
ter retention abilities while smaller nanoparticles can eas-
ily penetrate the tumor but have poor retention [24]. To
allow both optimal penetration and retention, tailoring the
size of the nanoparticle depending on the type of tumor
has acquired great interest. It is imperative for the size of
nanoparticles to be optimized so that it is small enough to
penetrate the tumor but large enough to escape immediate
clearance and thereby sustaining a higher concentration of
the drug in the tumor to exert its therapeutic effect. The
gaps between endothelial cells are usually between 100 to
800 nm. Nanoparticles can extravasate through these gaps
to the malignant tissue. This is known as passive target-
ing also termed enhanced permeation and retention (EPR)
effect [7,22,89-91].

More recent studies found that 97% of nanoparticles
tend to enter endothelial cells through an active process
that involves the functionalization of particles with target-
ing moieties such as antibodies, peptides or integrin ligands
for efficient NP uptake into tumor cells [28,90]. The chal-
lenge is to overcome the obstacles in the tumor environment
consisting of a dense matrix and high fluid pressure which
hinders retention and penetration of the nanoparticle [22].
There are many factors such as particle size, surface coat-
ing (e.g., citrate or PEGylation (PEQG)), charge and shape
of particle that influence the clearance, tumor interaction
and stability of the complex in the circulation [30,32,92].
Rod-shaped NPs tend to extravasate easily through leaky
vasculature. In terms of surface coating, uncoated or pos-
itively charged NPs tend to get cleared very quickly by
macrophages [30,93,94]. The concept of antibody conju-
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Fig. 2. Antibody conjugated nanoparticles. (A) Antibody conjugated inorganic nanoparticles (NPs): Nanoparticle (pink) with

antibody-drug conjugates (ADCs) as targeting ligands comprised of an antibody (orange) linker (green) and cytotoxic small molecule

(brown). (B) Basic schematic of an immunoliposome the lipid bilayer of the liposome is used to transport hydrophobic drugs (red) and

the inner hydrophilic or aqueous layer is used to transport hydrophilic drugs (brown). The outer area of the liposome can be used to attach

targeting ligands such as antibodies specific to the antigen on the tumor cell. (C) Random spatial orientation of monoclonal antibodies
(mAbs) without a PEGylated (PEG) moiety. (D) PEGylated liposome representing monoclonal antibody (mAb) attachment to the PEG
moiety via the fragment crystallizable (Fc) region, preferred method with the exposed antigen binding site.

gated nanoparticles (ACNPs) was introduced based on their
potential to aid in ADC tumor penetration and subsequently
delivery of the drug cargo. It is a synergistic approach to
target tumors [95].

Furthermore, although various nanoparticle classes,
such as inorganic, polymeric, and lipid-based types, are be-
ing explored, concerns like ADC solubility and toxicity ne-
cessitate further inquiry. Nanoparticles can be improved
by integrating mAbs, potentially boosting target accuracy
and tumor penetration. Liposomes, including immunolipo-
somes, have gained attention, offering advantages like ver-
satile encapsulation of hydrophobic/hydrophilic drugs, sur-
face modifications via PEG and targeting ligands, enhanc-
ing selectivity and binding. Prospective research should
concentrate on antibody-oriented technologies for immuno-
liposomes, enhancing cell targeting and effectiveness.

Antibody Conjugated Nanoparticles

The concept of ACNPs is an interesting approach
based on the introduction of nanotechnology and the suc-
cess of ADCs. It offers multiple advantages including the
incorporation of higher drug or ligand concentrations de-
pending on the size of the NPs and the use of payloads
with lower potencies such as camptothecins [95]. Some of
the main targets for ACNPs are human epidermal growth
factor receptor 2 (HER2), epidermal growth factor recep-
tor (EGFR), vascular endothelial growth factor (VEGF),

prostate-specific membrane antigen (PSMA) and transfer-
rin receptor (TfR) [96]. A study evaluated the concept of
ACNPs by investigating cellular uptake and in vitro poten-
cies through the comparison of an ADC (Trastuzumab-Val-
Cit-MMAE) and AuNP-ADC (gold nanoparticles conju-
gated to Trastuzumab-Val-Cit-MMAE). The findings sug-
gested that the cytotoxic potency of the ADC was main-
tained even when bound to AuNP. The study also confirmed
that the average number of mAbs that covered the surface
of 50 nm AuNPs was approximately 25.6% higher than that
of 20 nm subsequently affirming the significance of NP
size [22]. Interestingly functionalized nanoparticles with a
cell-penetrating peptide, HIV-TAT, with a PEGylated moi-
ety demonstrated superior cellular uptake in breast cancer
cell lines, SKBR3 and MCF-7 [22]. However, the penetra-
tion of antibodies into the solid tumor can be compromised
due to the high interstitial fluid pressure in the tumor envi-
ronment as a result of poor lymphatic drainage [29,97,98].
Functionalization of nanoparticles with targeting moi-
eties such as antibodies or antibody fragments (Fig. 2), en-
hances the specificity of the conjugate and lowers the po-
tential of toxic adverse or systemic toxicity [19,87,93].

Inorganic Nanoparticles

Antibodies or other proteins and peptides can be
bound to the surface of nanoparticles (Fig. 2A) in various
spatial orientations via the Fc region, two major fragments
(i.e., the two Fab fragments and the Fc region lying flat on
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Table 1. Antibody-nanoparticle conjugation strategies.

Conjugation strategies

Advantages

Disadvantages

References

Adsorption

Chemical modification is not required
Does not require activation of the functional groups

Non-covalent immobilization via ionic binding and physical
adsorption compromises the stability of the complex

Not laborious and straight forward

Can result in random orientation of the antibody which can im-
pact its binding ability to the target

[19,99]

Carbodiimide chemistry

Covalent binding approach. It has higher stability due to co-
valent binding between carboxyl and amine groups on the
NP using 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-

hydroxysuccinimide (EDC/NHS) linkers

Randomly immobilized mAb on the surface of the nanoparticle

Chemical modification of the mAb is not required

Requires prior activation of the NP particularly for carboxyl
present on the NP in order to react with amine groups

[100]

Maleimide chemistry

Covalent binding approach
Either homobifunctional or heterobifunctional crosslinkers can be
used

Requires binding through sulthydryl (SH) groups on the
antibody which are less abundant compared to amines. There
is a risk of thiol exchange reactions

[101,102]

Click chemistry

Incorporates a series of simplified chemical reactions. It is per-
formed at room temperature with mild and non-toxic aqueous sol-
vents

Suitable for biomedical applications (i.e., site-specific conjugation
for therapeutics)

Most common reaction is between an azide and alkyne in the
presence of copper and subsequently a major disadvantage with

this technique is copper-induced toxicity

[19,102,103]

Biotin-avidin

Strong non-covalent interaction

Costly technique

Proper orientation on the functionalized NP due to binding at the Fc
region of the functionalized mAb. The overall design ensures en-
hanced internalization and pharmacokinetics and lesser non-specitfic

interactions

The stoichiometry between the mAb and NP is hard to control

Resistant to harsh conditions as a result of temperature, pH, or de-

naturants

Requires chemical modification of the mAb and functionaliza-
tion of the NP

[19,102]
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the surface of the NP), sideway orientation where the at-
tachment is via one Fab and one Fc region, or via both
Fab regions [19,23,99]. Out of these orientations, attach-
ment via the Fc region attachment to the surface of the
nanoparticle is recommended since this arrangement would
not hinder the binding of the Fab region to the target anti-
gen. The Fc region can be bound to the nanoparticle via
Cys, Lys, or other amino acids or via sugar moieties [19],
using a variety of different conjugation strategies including
carbodiimide chemistry, maleimide chemistry, click chem-
istry, and biotin-avidin.

Adsorption is a simple reversible method of conjuga-
tion wherein mAbs are bound to NPs via hydrogen bonds,
electrostatic forces, hydrophobic interaction, and van der
Waal interactions [19,99].

Although adsorption is a simple technique, major dis-
advantages include the potential random orientation of the
antibody that ultimately impacts the binding ability to the
target site, and more critically conjugate disassembly be-
fore reaching the target as well as poor retention [99].

Therefore, covalent binding techniques such as
carbodiimide chemistry is more stable and it in-
volves covalent bonding between carboxyl and amine
groups on the nanoparticle using linkers such as
1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
hydroxysuccinimide (EDC/NHS). Chemical modification
of these two techniques is not required as primary amines
that are in abundance on the surface of antibodies can be
utilized [100]. The drawback associated with carbodiimide
chemistry is random immobilized mAbs on the surface of
the nanoparticle, and prior activation of the NP particularly
for carboxyl present on the NP to react with amine groups.

Maleimide chemistry involves the reduction of disul-
fide bonds on the antibody to expose the sulfhydryl
groups followed by conjugation to the sulfhydryl groups
on the antibody via primary amines on the nanoparticle us-
ing a heterobifunctional linker such a sulfosuccinimidyl-
4-(N-maleimidomethyl)cyclohexane-1-carboxylate (Sulfo-
SMCC), a crosslinker that is non-cleavable, membrane-
impermeable and water-soluble. SMCC is water insoluble,
hence the addition of sulfo moiety is needed. For conjuga-
tion involving maleimide chemistry, either a homobifunc-
tional (homobifunctional refers to two similar functional
groups) or heterobifunctional (heterobifunctional refers to
two different functional groups) crosslinker can be used.
The drawback of maleimide chemistry is the risk of thiol
exchange reactions with thiol reactive groups such as glu-
tathione in the serum albumin resulting in the deconstruc-
tion of the conjugate and consequently off-target toxicities
[101,102].

Click chemistry is another method that can be em-
ployed for this purpose, which involves introducing new
functional groups via site-specific mutation to enable con-
jugation between antibodies and nanoparticles. It incorpo-
rates a series of simplified chemical reactions performed

under mild and non-toxic aqueous solvents. It differs from
site-specific conjugation techniques which generally in-
volve the introduction of site mutations on the mAb such as
Cys or non-natural amino acids. This is because the reaction
in click chemistry occurs between an azide and an alkyne
in the presence of copper. However, a major disadvantage
of this technique is copper-induced toxicity [19,102,103].

The biotin-avidin system entails site-specific biotiny-
lation of antibodies at the Fc region which immobilizes the
antibody. Avidin is a positively charged molecule used to
functionalize NPs. Once the nanoparticle is functionalized
with avidin, it is incubated with the biotinylated-antibody to
produce the biotin-avidin complex. Although it has a strong
interaction between the protein and ligand, it is an expen-
sive technique with difficulty in controlling the stoichiom-
etry between the antibody and nanoparticle. The overall
design ensures enhanced internalization and pharmacoki-
netics and lesser non-specific interactions. Biotin-avidin
is resistant to harsh conditions as a result of temperature,
pH, or denaturants. Some drawbacks include the high cost
of this technique, difficulty in controlling the stoichiome-
try between the mAb and NP, the impact on the structural
integrity of the mAb and NP due to chemical modification
of the mAb and functionalization of the NP [19,102]. Ta-
ble 1 (Ref. [19,99-103]) summarizes the advantages and
disadvantages of mAb-NP conjugation strategies.

Liposome Nanoparticles

The use of liposomes as a drug cargo has increased in
recent years due to its advantageous features such as tai-
lored drug release profiles, feasibility of liposomal surface
modifications for ligand attachment, ability to incorporate
hydrophobic and hydrophilic drug cargos and building on
the success of liposome nanoparticles such as Onivyde®
(Merrimack Pharmaceuticals, Inc.), which is a liposome en-
capsulated topoisomerase I inhibitor, Irinotecan. It was ap-
proved in 2015 by the Food and drug administration (FDA)
for the treatment of metastatic pancreatic cancer that is re-
sistant to gemcitabine [104].

Liposomes were first discovered in the 1960s [105].
The first liposome formulation, PEGylated liposome con-
taining Doxil® doxorubicin, was introduced in 1995. PE-
Gylation increased the half-life of doxorubicin (Dox) and
prevented rapid clearance of liposomes [106—108]. Lipo-
somes are spherical vesicles composed of one or more aque-
ous cores enclosed in a single or multilamellar lipid bilayer,
mimicking natural lipid bilayers. These structures are suit-
able for drug delivery because they have an amphiphilic
nature and permit surface modifications through the incor-
poration of targeting ligands [105]. Liposomes can accu-
mulate within the tumor tissue as a result of the enhanced
permeability and retention (EPR) effect [109].

PEGylated liposomal drug formulations can provide
longer drug half-lives, additionally their drug-release pro-
files can be tailored, reducing high peak plasma concentra-
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Table 2. Common features of antibody conjugated liposome nanoparticles.

Nanomaterial Features Liposomal Nanomaterials that have References
gained regulatory approval
Antibody-liposome Target specificity is ensured due to mAb Doxil®, Onivyde®, Marqibo kit®, [96,97,105,111-113]

nanoparticle conjugates Amphiphilic nature

in drug delivery Easy antibody surface modification
Longer serum half-lives due to site of
nanoparticles
Tailored drug-release profiles, reducing
high peak plasma concentrations

Myocet®, Mepact®, and Vyxeos®
DaunoXome®, Lipusu®, Abraxane®,
Genexol-PM®, PICN®, Paclical®,
Hensify®, DHP107®, NanoTherm®,
Nanoxel®, Depocyt®.

tions [23,96,97,110]. Table 2 (Ref. [96,97,105,111-113])
summarizes the common features of antibody conjugated
liposome nanomaterials that make liposome drug formu-
lations suitable candidates for target specific and efficient
payload delivery to the tumor site.

Although liposomes are effective drug carriers, their
target specificity is enhanced through the addition of bind-
ing ligands such as antibodies termed immunoliposomes.
Fig. 2B illustrates a basic schematic of a liposome and the
ligand binding area as well as the inner aqueous phase and
the lipid bilayer. The lipid bilayer of the liposome is used
to transport hydrophobic drugs and the inner hydrophilic or
aqueous layer is used to transport hydrophilic drugs. The
outer area of the liposome can be used to attach targeting
ligands such as antibodies [114] specific to the antigen on
the tumor cell (Fig. 2B).

Studies have demonstrated that mAb-liposome conju-
gation can increase antitumor activity [114], overcome the
limitation of drug loading wherein high DARs can compro-
mise mAb stability and low DARs decrease the ADC effi-
cacy [115,116].

Conjugation involves PEGylation of the liposome fol-
lowed by surface attachment of ligands. Antibodies can
be attached via varied spatial orientations illustrated in
Fig. 2C,D. The preferred method of conjugation is anti-
body attachment to the end of PEG chains via sulthydryl-
maleimide bonds or amides wherein PEG moieties attach
to the lysine or N-terminal residues via covalent bonding
using crosslinkers such as N-hydroxysuccinimide (NHS)
ester reaction [114,117]. Attachment via the Fc region al-
lows the mAb to protrude from the liposome and exposes
the antigen-binding site which eventuates in optimal anti-
gen binding.

Alternatively, mAb Fab fragments can also be coupled
to PEG moieties via maleimide-reactive sulthydryl groups
[117] producing actively targeted drug delivery systems
[111,112]. Liposomal formulations allow for efficient tar-
geting of the antibody-liposome bioconjugate to its match-
ing antigen. The antibody-liposome biconjugate exerts its
effects by docking at the site of the antigen and subse-
quently at the delivery of the payload [112,113]. It is an
efficient drug delivery system that has the potential to min-
imize the off-target effects of the drug.

A study by Nikkhoi ef al., 2018 [20] explored the de-
velopment of a bivalent, bispecific VHH-domain HER2-
antibody fragment to attach to liposomes for the treat-
ment of HER2-positive breast cancer. The VHH antibody
fragments were attached to the surface of PEGylated li-
posomes using a thiol-maleimide reaction activated with
NHS, a common technique for the attachment for antibod-
ies [20]. The results suggested that their bivalent, bispe-
cific antibody-liposomes demonstrated strong affinity to-
wards HER2-positive cells in comparison with monovalent
and bivalent, monospecific VHH antibody-liposome conju-
gates due to their ability to target the different HER2 epi-
topes [20].

One of the challenges with antibody-liposome attach-
ment is the lack of control in the orientation of the antibody
on the liposome surface and consequently the liposome-
antibody conjugates contain many misaligned antibodies.
This is believed to hinder the antigen-binding fragment
(Fab) to bind to nearby antigens properly [112]. Shim et al.
[21] showed that decorating the liposomes with an FcBP
(Fc binding peptide) can address this issue [21]. The FcBP
is found in Staphylococcus aureus and has the ability to
differentiate between the Fab and Fc regions of the anti-
body. FcBP binds noncovalently to the Fc region of the
antibody and as a result, the Fab portion of the antibody
protrudes outwards, demonstrating that the use of antibody-
orienting technologies is worth considering when conjugat-
ing antibodies to liposomes for improved cell targeting and
enhanced potency.

New Prodrug Conjugation Strategies

The human degradome system has approximately 600
proteases that fall into five categories: metalloproteinases,
serine, cysteine, threonine, and aspartic proteases [118].
These proteases are responsible for regulating some phys-
iological processes including proliferation, apoptosis, and
other critical processes in the cell. Cancer progression
dysregulates and disrupts expression of some of the pro-
teases in tumor tissues [118]. Antibody prodrug conjugates
(APDCs) are a new approach and class of targeted thera-
pies that utilize proteases found within the tumor such as
legumain to cleave specifically designed linkers. They are
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Table 3. Prodrug conjugates.

Prodrug conjugates

Features

Current research

References

Peptide drug conjugates

Peptide drug conjugates are suitable for cancers that tend to
metastasize in the brain due to their advantageous small molec-
ular size and excellent cell permeability. It has the ability to
cross the blood-brain barrier (BBB). Current therapeutics can
overcome multidrug resistance e.g., ANG1005.

Lutathera® was approved by the European medicines agency (EMA) in 2017
and by the Food and drug administration (FDA) in 2018 for gastroenteropan-
creatic neuroendocrine tumors (GEP-NETs). Additionally, Phase II clinical
trials were completed for treatment of recurrent or relapsed high-risk neurob-
lastoma in children (NCT04903899).

ANG1005 is currently undergoing Phase 111 clinical trials (NCT03613181) for
Leptomeningeal disease. Phase II clinical trials for breast cancer and recurrent
brain metastasis have been completed (NCT02048059) for ANG1005.
Peptide fragment-doxorubicin (MAHNP-Dox) conjugate is another peptide
drug conjugate (PDC) for the treatment of human epidermal growth factor re-
ceptor 2 positive (HER2+) breast cancer that has shown promising in vitro and

in vivo results.

[38—41,101,119-122]

DEVD (Asp-Glu-Val-Asp) pro-
drug conjugates

Used in combination with radiotherapy to treat triple-negative
breast cancers (TNBC). The DEVD moiety is cleavable by
caspase-3. It is associated with low systemic toxicity upon pay-
load delivery.

DEVD such as ApoPep-1-Asp-Glu-Val-Asp-S-doxorubicin (AP1-DEVD-
SDox) is a potential therapeutic for triple-negative breast cancer after radio-
therapy.

[110,123-126]

Legumain and Kinesin Spindle
Protein inhibitor (KSPi) prodrug
conjugates

Legumain-enzyme drug delivery systems are site-specific and
effective in various solid tumors (ovarian, colon, breast, and
prostate) that highly express legumain.

The KSPi payload molecules have attachment sites suitable for
cleavable or non-cleavable linkers. Moreover, the moiety con-
sists of the legumain cleavable peptide cap to prevent off-target

toxicities.

Legumain and the KSPi is an antibody prodrug conjugate (APDC) that has
high activity against tumor-associated antigen B7 homolog 3 (B7H3) is highly

expressed in some solid tumors including breast cancer.

[37,127-133]

-
=3
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subdivided into legumain and the Kinesin Spindle Pro-
tein inhibitor (KSPi) (Fig. 3A), PDCs (Fig. 3B) and
the protease-sensitive peptide moiety Asp-Glu-Val-Asp
(DEVD). The PDC and DEVD moieties are applicable
in treating brain cancers and triple-negative breast can-
cers. These conjugates can integrate potent cytotoxic agents
which are usually impeded by resistance mechanisms.
However further research is necessary to enhance safety and
gain deeper insights into active metabolites from APDCs in
healthy organs. Table 3 (Ref. [37-41,101,110,119-133])
summarizes the various advantageous features of prodrug
conjugates.

A

Legumain cleavable
peptide cap

Linker

KSPI payload
Antibody
B
Y, —
— |u
Peptide
Linker Payload
*  Enzyme cleavable
* Acid cleavable
* Non-cleavable
Fig. 3. Antibody and peptide prodrug conjugates. (A)

Antibody-drug conjugate (ADC): the antibody (orange) is con-
jugated to the Kinesin Spindle Protein inhibitor (KSPi) payload
(brown) via a linker (yellow). The KSPi payload is capped with a
legumain cleavable peptide cap (pink) to prevent off-target toxic-
ities. The cap is specifically cleaved by legumain proteases in the
tumor followed by antibody degradation to form active metabo-
lites and release the payload. (B) Basic structure of a peptide drug
conjugate (PDC): the PDC is comprised of a peptide (orange),
a linker (can be cleavable/acid-cleavable/non-cleavable) (green)
and a cytotoxic small molecule (red).

The small size of the PDC modality and its excellent
cell permeability makes it an ideal candidate for brain can-
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cers. In fact, the first peptide receptor radionuclide thera-
peutic, Lutathera®, has been recently approved by the FDA
and European medicines agency (EMA) [134,135]. In ad-
dition, PDC ANG1005 is currently undergoing late-stage
Phase III studies however the results have not yet been pub-
lished [72].

The DEVD peptide sequence is another prodrug
model candidate that has the potential to target triple-
negative breast cancers (TNBC) [123,124,136]. The use
of the DEVD construct in combination with radiotherapy
tends to upregulate caspase-3 activity and exposure which is
a requirement for cleavage of the DEVD peptide sequence
and subsequent payload release to generate a higher num-
ber of apoptotic cells. An exciting and appealing feature
of the DEVD prodrug conjugate is that it is associated with
low systemic toxicity upon payload delivery, particularly of
significance for cancers such as TNBC that have radiother-
apy as the main treatment option [123,124,136].

Legumain activatable APDCs are cleaved by the lyso-
somal endopeptidase legumain, and they are equally as po-
tent as cathepsin B enzymes [137]. This APDC is opti-
mized to have a unique cleavage site which means that it
forms active metabolites in tumor cells compared to healthy
cells. The effect of legumain cleavable linkers is still under
scrutiny for other cancer types. The legumain protease is
highly expressed in some solid tumors including ovarian,
colon, breast, and prostate [37,127,129]. This makes the
target specific legumain APDC a suitable candidate.

Legumain and the Kinesin Spindle Protein Inhibitor
(KSPi)

Legumain is a lysosomal asparaginyl peptidase. It has
optimal activity in an acidic environment at a pH of 4-5 and
is highly expressed in many solid tumors including ovarian,
colon, breast, and prostate cancers compared to healthy tis-
sues, and hence, this led to the design of legumain activat-
able APDCs [37,127,129].

The APDC is comprised of a mAb conjugated to
a KSPi payload, via a linker with a legumain-cleavable
peptide cap (Fig. 3A). Additionally, the KSPi molecules
have attachment sites suitable for both cleavable and non-
cleavable linkers.

As an extra measure of protection and to prevent off-
target toxicities, the free amino group (NH2) in the KSPi
molecule that is key to its cytotoxicity, can be blocked with
a legumain cleavable peptide cap [128]. Antibody degra-
dation and cleavage of the peptide cap to expose the free
amino group precede the formation of active metabolites
[131]. This construct has a larger therapeutic window un-
like some antibody-drug conjugates which are involved in
off-target toxicities and consequently, in clinical studies,
fail to achieve an optimal therapeutic window [131,138].
The therapeutic window is generally a range within which
drug dosages can effectively treat the disease without hav-
ing toxic effects.
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The cathepsin B-activatable analogues legumain ac-
tivatable APDCs are equally potent and had high ac-
tivity against tumor-associated antigens Tweak receptor
(TweakR) and B7 homolog 3 (B7H3) [131]. The trans-
membrane B7H3 is highly expressed in some solid tumors
including breast cancer and is a potential therapeutic target
[139,140]. Moreover, high legumain activity is linked to
enhanced metastasis and cancer growth [130,132]. In com-
parison to other proteases, it has a high substrate specificity
since its cleavage site is after the asparagine (Asn) residue
[127,131,133,137]. Further studies need to be conducted to
attain an improved safety profile and to understand more
about the formation of active metabolites from APDCs in
healthy organs with lower legumain activity [44,48].

Peptide Drug Conjugates

The design of PDCs including linker chemistries were
adapted from ADCs. The peptide in a PDC can be up to
50 amino acids long [40]. The linker can be cleavable,
acid-cleavable or non-cleavable (Fig. 3B) [40]. PDCs are
a promising new targeted approach that has an advantage
due to their small molecular size, which allows for deliver-
ing payloads at a high concentration that is known to have
a short serum half-life. Similar to the mechanism of ac-
tion of ADCs [12], the peptide in PDCs needs to be highly
specific for its target in order to induce successful endocy-
tosis, and the linker must be stable in circulation and re-
lease the payload only at the target site [38,39]. The cy-
totoxic payload can range from a small molecule cytotoxic
agent such as doxorubicin (Dox) or radionuclides namely
1""lutetium [135]. Different functional groups can be uti-
lized on the linker to covalently attach to the peptide [40].
Enzyme cleavable linkers that are commonly used in ADCs
can also be used for PDCs; for example, carbamate, ester,
amide bond linkages, as well as acid-cleavable linkers that
have carbonate and hydrazone linkages, and non-cleavable
linkers that have trizole, oxime and thioether moieties [39].

The PDC 17T Lutetium 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid-yrosine-3
octreotate (DOTA-TATE) (Lutathera®), was the first
peptide receptor radionuclide therapeutic approved by the
EMA in 2017 and by the FDA in 2018 for the treatment
of somatostatin receptor-positive gastroenteropancreatic
neuroendocrine tumors (GEP-NETSs) [134,135]. The PDC
is comprised of a cytotoxic radionuclide (*”"Lutetium)
attached via a bifunctional chelating agent (DOTA) to
the peptide (octreoate) [135,141].  The 7"Lutetium
DOTA-TATE PDC targets somatostatin subtype 2 receptor
found on the surface of GEP-NET cells [41,142,143].
The radionuclide !”"Lutetium in this modality emits beta
particles and the ionizing radiation subsequently elicits
DNA damage leading to cell death [141]. The PDC
has completed Phase II clinical trials for treatment of
recurrent or relapsed high-risk neuroblastoma in children
(NCT04903899) [72].

Small molecules Dox and paclitaxel are known to
have low blood-brain barrier (BBB) permeability due to
the multidrug resistance mechanism P-glycoprotein (P-gp)
efflux pump, which is commonly found in tumor cells
in the brain [119]. To overcome this low permeability,
ANG1005 was developed. The PDC ANG1005 is com-
prised of three paclitaxel molecules covalently linked to a
peptide (Angiopep-2) consisting of nineteen amino acids
[120]. The peptide Angiopep-2 targets lipoprotein receptor-
related protein 1 (LRP-1) that is found in abundance on
the surface of capillary endothelial cells and glioblastoma
cells [144]. Angiopep-2 enters BBB via LRP-1 meditated
transcytosis [41,121]. Although paclitaxel is very potent in
lung, glioblastoma, and ovarian carcinoma cell lines, in situ
mouse brain perfusion, showed that in comparison to free
paclitaxel, the uptake of the conjugate was 4.5-fold higher
which reinforces its ability to bypass the P-gp and thereby
penetrate the BBB [120]. Further Phase II clinical trials
investigating the effect of ANG1005 in patients with breast
cancer and recurrent brain metastasis (NCT02048059) have
been completed [72]. In addition, it is currently under-
going Phase III clinical trials (NCT03613181) for Lep-
tomeningeal disease [72].

The therapeutic potential of another PDC, pep-
tide fragment-doxorubicin (MAHNP-Dox) conjugate, was
firstly evaluated specifically for the treatment of human epi-
dermal growth factor receptor 2 positive (HER2+) breast
cancer [41,122]. The peptide fragment was acquired from
the heavy chain 3 of the trastuzumab mAb that was termed
anti-HER2/neu peptide (AHNP), which has a high affin-
ity for the extracellular domain of the HER2 antigen. This
peptide fragment was conjugated to the Dox payload via
a matrix metalloproteinase 2 (MMP-2) sensitive linker
through the ester/amide bond linkages to form the MAHNP-
Dox conjugate. The in vitro results showed lower half-
maximal inhibitory concentration (IC50) values against
HER2+ breast cancer cells SKBR3 and BT474 compared
to free Dox. Subsequently, in vivo studies using BT474
xenografted mice showed a reduction in tumor growth and
less weight loss [122].

Due to their small size, PDCs are worth exploring as
they possess the ability to increase the circulation time of
the payload in the plasma, have lower toxicity, and enhance
the efficacy of payload delivery to the tumor site, particu-
larly for payloads that have poor permeability as a result of
factors such as resistance mechanisms.

Another concept that follows a similar theme is human
antibody fusion proteins with an aim of directing the ligand
to the target site. The SNAP-tag fusion protein has a two in
one function with the ability to play a role as a therapeutic
and diagnostic tool specifically for breast and ovarian can-
cer. The human antibody fusion protein is a single construct
that fuses antibody domains and proteins. It is an attractive
method that allows the flexibility of incorporating multiple
colors of fluorophores to enhance the visualization of the
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tumor. According to this study, when injected in mice, tu-
mors were distinctly visible and detectable [145].

The Protease-Sensitive Peptide Moiety

The protease-sensitive peptide or DEVD (Asp-Glu-
Val-Asp), is used as a prodrug to target TNBC. One of the
reasons triple-negative breast cancer is difficult to treat is
because it lacks specific target antigens on the surface of
tumor cells [146].

DEVD is a substrate sequence of caspase-3 where the
amide bond following its last Asp residue is hydrolyzed
when recognized by caspase-3. It can be conjugated to pay-
loads via the para-aminobenzyl carbamate (PABC) spacer
and is cleavable by caspase-3 [125]. Caspase-3 is upregu-
lated following exposure to external stimuli e.g., radiation
and thereby increases the chances of the prodrug to come
into contact with caspase-3 [123,126,146].

Another modality wherein Dox was employed as
the cytotoxic payload to construct ApoPep-1-Asp-Glu-Val-
Asp-S-doxorubicin (AP1-DEVD-SDox) was prepared by
conjugating ApoPep-1 (AP1) and Dox via DEVD peptide
[123]. The API cell binding peptide prolongs retention
and overcomes rapid clearance of this prodrug construct
within the irradiated tumor since it binds tightly to his-
tonel (H1) which is found on the surface of apoptotic cells.
The outcome of this study demonstrated that the use of the
DEVD-payload construct in combination with radiotherapy
resulted in a greater number of apoptotic cells and an im-
proved therapeutic outcome. The cytotoxic effect of the
prodrug was assessed against MDA-MB-231 (TNBC cell
line). Following cleavage of DEVD by caspase-3, the in-
troduction of the prodrug AP1-DEVD-SDox results in the
release of Dox to exert its cytotoxic effects on neighbor-
ing tumor cells. To deliver doxorubicin, importantly with
low systemic toxicity, this construct would be particularly
useful for triple-negative breast cancer after radiotherapy
[123,124].

Concluding Remarks and Outlook

Antibodies, particularly ADCs, have generated great
interest over the years due to their unrivalled target speci-
ficity and efficacy. Several strategies have been devised to
overcome some limitations including these induced by in-
terstitial fluid pressure (IFP), P-gp, payload heterogeneity,
poor structural stability, and inadequate therapeutic index
that tend to hinder the efficacy of the ADC. Methods such as
site-specific conjugation allow control of the binding sites
and DAR in order to generate a more homogenous ADC
that can improve ADC stability in the circulation, pharma-
cokinetics, and therapeutic index. Additionally, there are
various classes of nanoparticles including inorganic, poly-
meric, and lipid-based nanoparticles undergoing research.
However, some of the limitations including low solubility
and toxicity concerns of ADCs, require further investiga-
tion.

709

Nanoparticle functionalization by incorporation of
mAbs may improve the target specificity and tumor pene-
tration of the nanoparticle antibody complexes. Since the
discovery of liposomes, immunoliposomes have been an
active area of research. Liposomes possess many desirable
characteristics including their amphiphilic nature that al-
lows the encapsulation of either hydrophobic or hydrophilic
drug molecules and permits surface modifications through
the incorporation of PEG moieties and targeting ligands
which enhances its selectivity, performance, and binding
ability. Future studies should focus on antibody-orienting
technologies for immunoliposomes for improved cell tar-
geting and enhanced potency.

Other upcoming methods that have the potential to
yield a product include the development of prodrug conju-
gates that can be used to incorporate highly cytotoxic agents
that are normally hindered by resistance mechanisms and
makes use of newly discovered proteases that reside in the
tumor that cleaves specifically designed linkers.

Prodrug conjugates are another emerging method
where highly cytotoxic agents are conjugated to amAb viaa
linker to form a prodrug such as PDC or DEVD. The linker
is then cleaved by proteases that reside within the tumor.
PDCs and DEVD can be used for brain cancers and triple-
negative breast cancers. Further studies need to be con-
ducted to attain an improved safety profile and to under-
stand more about the formation of active metabolites from
APDC:s in healthy organs.
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