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ARTICLE INFO ABSTRACT

Keywords: Antibody drug conjugates have emerged as a very attractive type of targeted therapy in cancer. They combine
Antibody drug conjugates the antigen-targeting specificity of monoclonal antibodies (mAbs) with the cytotoxic potency of chemother-
Metal apeutics. This review focuses on antibody drug conjugates based on metal-containing cytotoxic payloads. We
Cancer

Targeted therapy
Nanomedicine

will also describe antibody drug conjugates (ADCs) in which a metal-based component (mostly metallic nano-
particles) exerts a relevant function in the ADC (for photodynamic or photothermal therapy, as air-plasma-
enhancer or chemo-sensitizer, as carrier of other cytotoxic payloads or as an integral part of the linker structure).

Challenges and opportunities to increase the translational potential of these ADCs will be discussed.

1. Introduction

Antibody-drug conjugates (ADCs) represent a promising therapeutic
approach for cancer chemotherapy with some ADC-based treatments
currently available to treat blood and solid tumor cancers [1-10]. These
conjugates (Fig. 1.A.) potentially combine the antigen-targeting speci-
ficity of monoclonal antibodies with the cytotoxic potency of che-
motherapeutics.

Monoclonal antibodies (mAbs) are antibodies or immunoglobulins
(Ig) that are produced by clones of a unique parent immune cell. These
antibodies bind to the same antigenic determinant (or epitope) of an
antigen through a part known as paratope. The characteristic of mAbs is
their monovalent affinity for the antigen in an interaction similar to
that of a lock and a key. Human tumor cells have unique or over-
expressed tumor-specific antigens and mAbs can specifically bind to
these antigens. Consequently, mAbs have been used as anticancer
agents as they can induce an immunological response or inhibit cellular
signaling pathways. However, therapeutic efficacy is limited by the cell
death effect that the mAb may generate [1]. The vast majority of cy-
totoxic drugs do not discriminate between tumor and healthy tissues
and the use of mAbs as targeting vehicles to deliver a cytotoxic payload
to a tumor cell may give rise to more selective chemotherapeutic
treatments [1]. There are already four ADCs currently in the clinic:
Adcetris® (brentuximab vedotin) approved in 2011; Kadcyla®

(Trastuzumab emtansine or T-DM1) approved in 2013, inotuzumab
(Besponsa™) and gemtuzumab ozogamicin (Mylotarg™) both approved by
the FDA in 2017. In addition, there are nearly 175 investigational ADCs
in development (including around 65 compounds in clinical trials with
8 recommended “to be watched” in 2019 [11]). The United States ADC
market was expected to have reached US$ 3 billion by 2018 [12].

As described by Ducry et al. [2] for ADCs to be successful, several
aspects have to be considered: a) circulation and stability in plasma
(behavior like a naked Ab and high stability of the linker); (b) the at-
tachment of the cytotoxic agent does not need to disturb the antigen
binding specificity; (c) efficient internalization process to achieve suf-
ficient intracellular concentration; (d) efficient drug release of cytotoxic
agent; and finally (e) high potency of the released drug (sub-nanomolar
concentrations desirable although drugs with ICs, above that range
could potentially be used if appropriate linkers employed [13]). During
the past years an extraordinary amount of effort has been put into de-
veloping and improving conjugation technologies thanks to a much
better understanding of the different components of the ADC. More
recently, studies on processes like intramolecular trafficking [14], in-
ternalization (as not all ADCs are internalized [15]) and resistance [16]
of ADCs have become very relevant for the design of optimized ADCs
versions. For example, while non-internalized ADCs may be advanta-
geous and release the payload in the tumor extracellular space affecting
cells in a long residence time which might be antigen-negative, the
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Fig. 1. A. Scheme of an antibody drug conjugate with the three main components. B. Schematic view of the mode of action of ADCs.

internalization of specific payloads (like photosensitizers) is necessary
to reduce damage in the proximal tissue of targeted cells [17]. Besides,
non-internalized ADCs might be of interest in molecular imaging since
antibody internalization will not present a “black box” in the targeting
process [17].

The current focus on ADCs is the development of a new generation
of ADCs by judicious choice of the target antigen and the cytotoxic
payload, by improving the properties of the linker, and by reducing
drug resistance. Linkers play a tremendous role in the design of suc-
cessful ADCs [1-10]. Different types of linkers have been used
[1-10,18]: chemically labile, enzyme-labile, non-cleavable and most
recently, linkers that are site-specific [19-22] and that have shown to
eliminate heterogeneity, improve conjugate stability, and increase the
therapeutic window. Most of the ADCs currently in the clinical and pre-
clinical pipeline for cancer chemotherapy are based on complex organic
molecules [1-10]. In contrast, the conjugation of metallodrugs to mAbs
has been overlooked when there is enormous potential in this area with
the resurgence of metal-based drugs as prospective cancer chemother-
apeutics including some highly cytotoxic [23-26]. In addition, several
reports have shown a positive effect (synergistic) in combination
therapies based on platinum cytotoxic agents and monoclonal anti-
bodies (both in clinical trials [27-30] and in pre-clinical studies
[31-36]). Metal-based ADCs could also offset the high cost-of-goods in
the preparation of these targeted chemotherapeutics as their bio-
conjugation to mAbs can be less complex than that of the cytotoxic
payloads based on organic molecules and natural products.

This review focuses on antibody drug conjugates based on metal-
containing cytotoxic payloads reported until February of 2019 [37-51].
In addition, we will briefly describe antibody drug conjugates in which
a metal-based component (mostly metallic nanoparticles) exerts a re-
levant function in the ADCs (for photodynamic [52-54] or photo-
thermal therapy [55-61], as chemo-sensitizer [62,63], as carrier of
other cytotoxic payloads [64-66] or as an integral part of the linker
structure [67-70]). This review will not include antibody-radionuclide
conjugates (ARCs) for which the ADC approach is used to radiolabel
antibodies that target specific tumors (theranostic agents). A number of
excellent reviews on this topic have been reported recently [71-73].

2. ADCs containing metal-based cytotoxic payloads

As mentioned in the Introduction, the number of antibody drug
conjugates containing a metal-based cytotoxic payload is still limited

with most reports based on platinum compounds [37-49] and two very
recent reports [50,51] focused on gold complexes which we will de-
scribe in the next sub-sections.

2.1. ADCs containing platinum-based payloads

2.1.1. Platinum compounds directly conjugated to mAbs

The conjugation of platinum-based drugs to antitumor antibodies
(named Pt-Ig conjugates at the time) was reported as early as 1982 by
Wilchek and co-workers [37]. Similar complexes of platinum and an-
tibodies had been previously described for use in crystallographic stu-
dies [74]. Platinum salts like K,PtCl, and cisplatin (cis-DDP) depicted in
Fig. 2, were directly incubated with different inmunoglobulin Ig anti-
bodies (including some tumor cell-reactive) such as NGIg, anti-YAC Ig,
goat anti-38C13Ig, mouse anti-YAC monoclonal Ig, and human serum
albumin (HAS) for 2-3h in buffer (pH below 7.0) by an optimized
method and the amount of Pt determined [37]. The authors demon-
strated that the antigen binding capacity of the antitumor Ab was al-
most fully retained [37]. The authors also reported that the Pt-Ig
complexes with specificity towards a particular mice tumor cell, were
able to inhibit DNA synthesis by that cell more efficiently than the
platinum compounds conjugated to non-tumor reactive antibodies or to
platinum conjugated to HSA or the platinum compounds themselves
[371.

Years later in 1990, Rosenblum and co-workers reported on the use
of a platinum-specific antibody to conjugate the platinum(II) compound
methyliminodiacetato-trans-R,R-1,2-diamminocyclohexane (MIDP in
Fig. 2) [38]. This study was based on previous results by this group that
had shown that prior adsorption to monoclonal antibodies specific to
biological response modifiers (such as interferon and radioisotopes) can
substantially modify their pharmacological profile (mainly their plasma
pharmacokinetics and tissue distribution). The authors developed a
murine monoclonal antibody (designated as 1C1) and demonstrated its
preferential binding to the 1,2-diamminocyclohexane (DACH in Fig. 2)
side-chain of the MIDP platinum complex at low concentrations [38].
The antibody-Pt conjugate 1C1-MIDP shows similar cytotoxicity to free
Pt derivative MIDP in MCF-7 breast cancer cells. Moreover, the selec-
tive alteration of the in vivo pharmacology by the 1C1-MIDP conjugate
with respect to MIDP was demonstrated. Pharmacokinetic studies using
a labeled MIDP analogue ([H3]-MIDP) and 1C1-MIDP showed con-
siderably longer lives of the antibody-MIDP conjugate and a lower
overall clearance rate in plasma. In addition, the 1Cl1 antibody
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Fig. 2. Different platinum compounds used as cytotoxic payloads and conjugated to or encapsulated in delivery vehicles conjugated to antibodies.

prevented MIDP distribution to most organs and decreased dramatically
its concentration in intestine, liver, kidney, and skeletal muscle. The
results gave rise to a US patent issued in 1991 [39].

2.1.2. Platinum compounds conjugated to mAbs via carriers or linkers

There is a disadvantage notwithstanding in generating platinum
compounds directly bound to antibodies. Antibodies do not bind sig-
nificant amounts of releasable platinum (II) and the conjugates tend to
be insoluble and precipitate even at low ratios of platinum (II) com-
pounds or salts to Ab. The conjugation of platinum (II) compounds to
Abs can be achieved by employing water soluble carriers [40-42]. It is
important that the conjugates formed are able to dissociate from the
carrier to release the platinum(II) drug so moderate to low stability is
key [41,42]. It is also relevant to control the molecular size of the
conjugates for a better response in vivo (distribution in tissues and
clearance) [41,42].

2.1.2.1. Conjugates containing carboxylmethyl dextran (CM-dex) as
carrier. Platinum (II) compounds (including those of pharmacological
interest) are known to form reversible complexes with carboxyl groups
on macromolecules [75-77]. The reversibility of the stability of these
bonds depends on the polymeric structure of the macromolecule. This
property was exploited by Schechter and co-workers to bind platinum
(II) complexes such as cis-DDP and cis-aq (Fig. 2) to carboxymethyl
dextran (CM-dex in Scheme 1) to generate complexes that are stable in
aqueous solution at 4°C for at least three weeks [75]. CM-dex
complexes of these platinum(II) compounds are pharmacologically
active both in vitro and in vivo. The binding of the platinum(II)
compound to the polycarboxylate does not affect much the activity
with respect to the free drugs [76,77].

In 1987, Schechter and co-workers reported on the modification of
CM-dex (derived from Dextran T40) with idiotopic antibodies that re-
cognize a specific membrane IgM on the B lymphoma cells (CM-dex-Ig)
and the subsequent conjugation to cis-DDP and cis-aq complexes

(Scheme 1) [40]. The CM-dex-Ig platform (that can be obtained pure
and is highly soluble in water) is mixed in double distilled water with
the platinum compounds at 37 °C for 6 h and the final conjugates can be
purified by dialysis. The new specific Pt-CM-dex-Ig compounds (Pt-CM-
dex-g-anti-38C-13) carried 50 mol drug/mol Ig and maintained most of
the original cell-binding activity of the antibodies [40]. The specific
complexes were significantly more effective against tumor 38C-13 cells
(a murine model of a B lymphoma cell) than the free platinum drugs or
the drugs bound to CM-dex at concentrations below 20 pM (incubation
time 1-2h). Above this range, the free drugs were more effective most
plausibly due to an increased uptake in the cells [40].

An identical strategy was reported by Rowland and co-workers in
1994 to conjugate cis-DDP to an anti-CEA (carcinoembryonic antigen)
monoclonal antibody (A5B7) via a CM-dex linker [41]. Conjugate
A5B7-CM-dex-cis-DDP retained the ability to bind to CEA expressed on
the surface of LS174T colorectal carcinoma cells. The authors also
conjugated non-specific antibodies 1E1 and 27.8.1 to CM-dex which
were subsequently bound to cis-DDP to generate non-specific Ab-CM-
dex-cis-DDP for comparison purposes. The toxicity in vitro for the spe-
cific and non-specific Ab-CM-dex-cis-DDP, for CM-dex-cis-DDP and na-
tive or “free” cis-DDP was investigated on LS174T colorectal carcinoma
cells. After 24 h incubation the cytotoxicity of the selective conjugate
was slightly lower than that of cis-DDP (3 uM versus 7 uM) [41].

Studies in vivo (LS174T tumor-bearing nude mice) showed that the
specific conjugate ASB7-CM-dex-cis-DDP (single intravenous bolus ad-
ministration of a cis-DDP equivalent of 5 mg/kg) is more efficient than
native cis-DDP [42]. The authors claimed that this was due to the
maintenance of higher cis-DDP concentrations at the tumor site for
A5B7-CM-dex-cis-DDP and a lower clearance of the specific Ab con-
jugate with respect to cis-DDP [42]. This effect was nevertheless lost at
higher platinum concentrations (10 mg/kg) [41]. The pharmacokinetics
and tissue distribution of the conjugate A5B7-CM-dex-cis-DDP were
studied in CD1 mice and compared to that of free cis-DDP and CM-dex-
cis-DDP [42]. The platinum (II) drug clearance rate is reduced when
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Scheme 1. Structures of carboxymethyl dextran (CM-dex) and diethylenetriaminepentaacetic acid (DTPA) and reaction schemes for the preparation of ADCs con-

taining these linkers bound to Pt(II) complexes [40-44].

conjugated to CM-dex and the reduction is even higher for the con-
jugate AS5B7-CM-dex-cis-DDP. Conjugate A5B7-CM-dex-cis-DDP dis-
plays the higher half-life. Conjugate A5B7-CM-dex-cis-DDP was rela-
tively stable in other tissues (with the exception of the liver). It also had
a smaller distribution of platinum to the tissues when compared to free
cis-DDP. The mechanism of tissue uptake seemed to be similar for un-
conjugated and conjugated cis-DDP [42].

2.1.2.2. Conjugates containing diethylenetriaminepentaacetic acid (DTPA)
as linker. A different ligand used as linker between platinum (II)
complexes and antibodies is diethylenetriaminepentaacetic acid
(DTPA in Scheme 1) which has been extensively used in nuclear
medicine. DTPA can be used as an anhydride which can bind
covalently primary amine groups of the protein to form amide bonds
and to cis-DDP through the carboxylate groups [43,44]. In a report from
1991 by Koch and co-workers, the authors described the coupling of cis-
DDP to purified monoclonal antibodies of different immunoglobulin
isotypes IgG1, IgG2, and IgG2b (CD7 T-cell, L-227, S34, 22c6, EBU-141)
generating very stable Ig-DTPA-cis-DDP conjugates [43]. The mAb
employed detected structures on T- or B- lymphocytes and the
antibody-drug conjugates (a term used for the first time in a paper
involving metal-based drugs) retained the binding affinity towards the
lymphocytic cell lines bearing the corresponding antigen [43]. The
conjugates were able to specifically inhibit the cell growth of these cell
lines (24 h assays with pre-incubation). The conjugates exceeded the

0.0~ Pt NH,
0
s IN A, @
2
HZNJ\N/r
H

antiproliferative effect of cis-DDP. While comparing pre-incubation
with continuous incubation experiments, the Ig-DTPA-cis-DDP
conjugates were found as active as cis-DPP (a fact to be further
considered for potential clinical translation). The authors commented
that the antibodies tested (anti T-cell and anti B-cell) were models and
explained all the variables necessary for the effectiveness of an antibody
drug conjugate [43]. The authors briefly indicated that the use of a
different linker (N-succinimidyl 3-(2-pyridyldithio)propionate (SPDP)
[78]) did not afford stable platinum-containing ADCs.

Beck and co-workers developed antibody drug conjugates between
cis-DDP and a murine anti-CA125 (anti-ovarian tumor marker) mAb on
ovarian cancer cell lines employing the linker DTPA [44]. The con-
jugate (reported in 1994) [44] was prepared via the procedure de-
scribed by Koch et al. (scheme 1) [43]. As in Koch's report, the im-
munoconjugates anti-CA125-DTPA-cis-DDP were found to maintain the
specific biding affinity towards the CA125 antigen but it was found that
that the immunoconjugates did not show antiproliferative activity in
the NIH:OVCAR 3 ovarian cancer cell lines. The authors provided two
different possible explanations: a) that CA125 is released in the cell
culture medium in large amounts for this cell and generates soluble
immunocomplexes that get “washed away”, and b) that the final con-
centration (equivalent to 0.5 M) of cisplatin attached to the Ab may
not be sufficient to cause and antiproliferative effect during the 30-min
incubation period. The report of Koch et al. [43], described cytotoxic
properties with pre-incubation periods of 24 h. Beck and co-workers

HN

(0]

Fig. 3. Schematic structure of Her-Val-Cit-Pt(DACH)(Glu) or Herceptin-Pt(II) [45].
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Immunomicelle

Scheme 2. Preparation of anti-FT Fab’ fragment-installed in polymeric micelles containing a platinum derivative from oxaliplatin (DACHPt/m).

however argued that short pre-incubation periods are a better reflection
of the situation in vivo [44].

2.1.2.3. Conjugates containing an engyme-cleavable dipeptide as
linker. After these initial reports from the eighties and nineties,
research on the topic of platinum-based ADCs was not published until
much more recently. In 2015, Zhu and co-workers reported on a
platinum(II) containing ADC based on Herceptin, a modified
oxaliplatin analogue (Pt(DACH)(Glu) in Fig. 2) and an enzyme-
cleavable dipeptide linker based on valine-citrulline (Val-Cit) and a
self-immolative spacer (Fig. 3) [45]. The antibody used, humanized
IgG1l mADb Herceptin™ from Genentech (also known as Trastuzumab,
Tz) has been used either alone, or in combination with chemotherapy,
hormone blockers or tyrosine kinase inhibitors for human epidermal
growth factor receptor 2 (HER2) positive cancers [79,80]. It has also
been used as a delivery vehicle for chemotherapeutics and
radioisotopes for the same type of cancers [1,2]. The linker has been
used in the lysosomal release of doxorubicin and some other drugs (e.g.
auristatin) from internalizing immunoconjugates [81]. It is stable in
plasma but labile in the presence of Cathepsin B which leads to a 1,6-
elimination reaction and activation of drug release. The linker was
attached to the Pt(II) compound Pt(DACH)(Glu) through the amine in
the side chain (Fig. 2) and the Pt(II)-containing linker was conjugated
to Herceptin (Trastuzumab) through the lysine residues (non-specific
conjugation). The new Her-Val-Cit-Pt(DACH)(Glu) conjugate (named as
Herceptin-Pt(II)) has a DAR (drug to antibody ratio) of 6.4 (as estimated

by flameless atomic absorption spectrometry, FAAS).

The authors demonstrated that Herceptin-Pt(II) retains the high and
selective binding affinity for HER2 protein (ELISA assay) and HER2-
positive SK-BR-3 ovarian cancer cell lines (as assessed by a cellular
binding assay using flow cytometry and fluorescence microscopy). In
addition, cytotoxicity assays against SK-BR-3 breast cancer cell lines
showed that Herceptin-Pt(II) is more cytotoxic than oxaliplatin
(19.7 £ 2.2. uyM versus 31.0 = 0.1 uM) while not showing growth
inhibition on cancer cells (> 50 uM) with a lower or negative HER2
expression (MCF-7 and MDA-MB-231) which corroborates the specifi-
city towards HER2 of the conjugate [45]. While it was found that the
combination of Herceptin and oxaliplatin (mixed in a molar ratio si-
milar to the drug to antibody ratio DAR) afforded a similar cytotoxicity
(14.4 = 0.9uM) it is expected for the conjugates to be specific in vivo
and that the incorporation of the covalent linkage between the Pt
compound and the mAb will decrease the toxicity of the free platinum
derivative towards other tissues. Moreover, while compared to free
oxaliplatin, the conjugate Herceptin-Pt(II) improved the cellular uptake
of the platinum drug in SK-BR-3 cells [45]. However, the cytotoxicity
found in the micromolar range for this platform may prevent its po-
tential translation to the clinic.

2.1.3. Platinum compounds encapsulated in carriers bound to mAbs
(polymeric micelles, liposomes and protein nanocages)

A possibility to increase the cytotoxic payload of metal-based drugs
(like conventional platinum(II) compounds) is to use delivery platforms
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(such as nanoparticle-based materials) able to incorporate many more
molecules that the classical ADCs and that usually display longer cir-
culation times. Several materials can be envisioned for this purpose
such as polymers, liposomes or protein nanocages.

Polymeric micelles have been used for the targeted transport of
cancer chemotherapeutics (immunomicelles) [82-86]. These materials
can circulate in blood for a longer period of time as their surface is
covered by PEG (polyethylene glycol) strands (biocompatible). They
also show superior tumor extravasation and penetration, a convenient
small size (10 to 100 nm), and a high EPR (enhanced permeability and
retention) effect which aids greatly with tumor accumulation. In 2014,
Kataoka and co-workers described a platform consisting on polymeric
micelles incorporating mAb fragments (anti-tissue factor TF antibody-
Fab’ clone 1849) for the targeting and a cytotoxic payload consisting on
an active complex of oxaliplatin (DACHPt in Fig. 2) [46]. The platinum
compound incorporated in polymeric micelles had been evaluated in
clinical trials (phase I) at the time of the report [87] and it was hy-
pothesized that the functionalization of the micelles with the antibody
fragments would improve the delivery to the tumors as well as its in-
tracellular release. The incorporation of the platinum compound in the
polymeric micelles (to form DACHPt/m) is done via coordination of the
Pt with the carboxylates of polyglutamic acid (of poly(ethylene glycol)-
b-poly(glutamic acid) (PEG-b-P(Glu)) copolymers (Scheme 2). The in-
corporation of the Fab (fragment antigen binding) in the micelles is
done via maleimide-thiol conjugation to Mal-DACHPt/m (Scheme 2)
[46]. It was observed that one anti-Fab’ was conjugated to each 50%
Mal-DACHPt/m and that the content of Pt did not vary by the in-
troduction if the Fab’ (ca. 45 Pt/Polymer [wt/wt%]). There was a 15-
fold increase in cellular binding activity of the anti-Fab’-DACHPt/m to
TF-expressing cells (human pancreatic cancer BxPC-3 cells) as well as
very quick cellular internalization. The in vitro toxicity on the BxPC-3
cells was determined and it was shown that while DACHPt/m has an
ICsp of 126 uM, in these cells (48 h incubation time) the anti-TF Fab’-
DACHPt/m platform had an ICsq of 25 uM similar to that of “free” ox-
aliplatin (23 uM). As it has been discussed, ADCs are expected to be
more advantageous in vivo (specifity for tumors and decreased release
of cytotoxic drugs to other tissues and organs). The study on mice with
subcutaneous BxPC-3 xenografts was performed with free oxaliplatin at
8 mg/kg, and DACHPt/m and anti-Fab’-DACHPt/m (both at 3 mg/kg).
The last two platforms showed an enhanced tumor growth inhibition
with the anti-Fab’-DACHPt/m suppressing the tumor growth better and
for 40 days. Tumor accumulation was similar in both cases indicating
that the incorporation of the Fab’ does not improve the tumor accu-
mulation but rather that the improved antitumor effect observed may
come from the facilitated cellular uptake via TF-targeting.

Based on the same hypothesis of improving targeted delivery, and
efficacy of drugs encapsulated in nanocarriers by their functionalization
with antibody vectors, Garrido and co-workers reported on the surface
functionalization of liposomes (LP) containing oxaliplatin with the mAb
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Cetuximab CTX (targeting EGFR) or a fragment CTX-Fab’ [47]. Lipo-
some encapsulation is known to improve tumor accumulation (due to
their small size and surface PEGylation) as well as to increase blood
circulation and decrease drug toxicity and volume of distribution of the
drug encapsulated. Immunoliposomes had already been described [88].
The authors used as targeting vector an antibody fragment (smaller
than mAD) to eliminate the unwanted immune activity that would come
from linking a whole mAb to the liposomal surface (due to the random
orientation). Garrido and co-workers studied the platforms in which
they linked the mAb CTX for comparison as well [47]. Fig. 4 shows a
schematic representation of the two platforms used: CTX-LP-L-OH and
CTX-Fab’-LP-L-OH. The functionalization of the liposomes with mAb or
mAb-Fab is done via maleimide/thiol-ether chemistry. The targeted li-
posomes are homogeneous (ca. 120 nm) and are able to encapsulate as
much oxaliplatin L-OH as non-targeted liposomes (ca 32% efficiency of
encapsulation and loading capacity of 65.2 * 7.2ug/ug lipid). The
release of L-OH from non-targeted and targeted liposomes is also si-
milar, up to 25-35% in the first 5h and then remains constant for 24 h.
Presence of serum increases the release in 10-20% (initial phase).

The selective binding of targeted liposomes to overexpressed EGFR
in colorectal (CRC) cell lines was demonstrated [47]. The binding was
stronger for the LP-CTX-Fab’ than for LP-CTX (although both bind much
more strongly than non-targeted liposomes). The cytotoxicity towards
all tested EGFR receptor-positive colorectal cancer cell lines of the
targeted L-OH liposomes improves with respect to free L-OH and non-
targeted liposomal L-OH. Studies in vivo in SW-480 colon cancer
bearing mice (CRC xenograft model) showed that drug delivery and
tumor accumulation was improved significantly for the two targeted
platforms described and more especially for the platform containing
targeted LP-CTX-Fab’ with respect to non-targeted liposomes containing
oxaliplatin or the free drug itself. The efficacy studies showed that
while L-OH encapsulated is in general more efficacious than free drug
to delay tumor growth, for the platform CTX-Fab’-LP-L-OH this delay
was even more pronounced. None of these platforms showed any sig-
nificant pathological toxicity for the dose of L-OH used [47].

Protein nanocages [89] have also been used quite recently to gen-
erate ADCs and they show significant advantages due to: a) their in-
terior can be used for encapsulation or binding of drugs, and b) the
exterior surface can be functionalized to incorporate diverse molecules
like mAbs. A relevant protein nanocage is ferritin (HFt) [90]. As a
natural component of cells and blood, ferritin will be less likely to elicit
strong antibody and/or T cell immune responses and is amenable to
genetic and chemical modifications.

In 2013 the group of Ceci and co-workers developed an ADC plat-
form based on ferritin conjugated to the mAb Ep1 (anti-CSPG4 antigen)
which encapsulates cis-DDP (Fig. 5) [48]. The conjugate HFt-Pt-Ep1 is
able to encapsulate about 50 cis-DDP molecules and has an estimated
molecular size of about 900 kD and 33 nm. The ADC retains the spe-
cificity to bind CSPG4+ melanoma cell lines but is not specific to

CTX-LP-L-OH

CTX-Fab’-LP-L-OH

Fig. 4. Schematic representation of ACD platforms consisting on CTX and CTX-Fab’ functionalized liposomes containing oxaliplatin (L-OH): CTX-LP-L-OH and CTX-

Fab’-LP-L-OH [47].
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Fig. 5. Structures of ADCs based on protein nanocages functionalized with mAb containing platinum compounds [48,49].

CSPG4- breast carcinoma cell lines. This specificity was demonstrated in
vitro. Free cis-DDP, HFt-Pt and HFt-Pt-Epl were tested on melanoma
and breast cancer carcinoma expressing or lacking CSPG4 respectively.
The ADC conjugate demonstrated an effectivity like cis-DDP for mela-
noma and a 25-fold preference for melanoma cancer cell lines as well
[48]. This preference or specificity was also demonstrated in vivo. Hft-
Pt-Epl was able to delay the growth on melanoma xenografts on nude
mice whereas growth of tumors in mice with implanted breast carci-
noma xenografts was affected to a lesser extent (5-fold) [46]. The au-
thors indicated that the next step will be to humanize the mAb Ep1 via
recombinant DNA manipulation to be able to minimize the human anti
mouse antibody (HAMA) responses [48].

By a similar approach, Shieh and co-workers developed in 2018 a
platform based on apoferritin (AF) nanocages linked to mAB panitu-
mumab via polyethylene glycol (PEG) linkers that were used to en-
capsulate oxaliplatin (platform designed as AFPO in Fig. 5) [49]. Pa-
nitumumab can specifically target cell lines expressing epidermal
growth factor receptor (EGFR). An additional advantage of AF is its pH-
sensitive bioreactive cavity. The ADC platform AFPO was studied in
vitro on colorectal cells expressing EGFR and it was demonstrated that
the AFPO is taken up by these cells via endocytosis and that it can in-
hibit cell viability (48 h). AFPO is stable in serum and they incorporated
2 panitumumab molecules on average. In addition, pH-dependent stu-
dies showed stability of AFPO over time (no release of free oxaliplatin
at pH 7.4) but a release at pH 5. Moreover, in vivo studies showed AFPO
having a much greater efficacy in mice bearing HCT-116 tumors (high
EGFR expression) than the non-targeted AF in which oxaliplatin had
been encapsulated (AFO) [49].

The results described in these four reports are extremely promising
and demonstrate that immunonanocarriers can indeed increase the
therapeutic translational potential of ADCs containing platinum com-
pounds.

2.2. ADCs containing gold payloads

Gold nanoparticles have been used as components of ADCs due to
their photodynamic or photothermal properties [52-61], as chemo-
sensitizers [63,64], and as carriers of other cytotoxic payloads [65,66]
(to be described in Section 3). ADCs containing discrete gold com-
pounds as cytotoxic payloads have however not been described until
2018 [50,51]. Both reports are based on ADCs containing the anti-
HER2 humanized IgG1 mAb Trastuzumab Tz (or an engineered version)
and on their efficacy in vitro on breast cancer cell lines overexpressing
HER2. As mentioned before, Trastuzumab (Herceptin™ from Genen-
tech) has been used in the treatment of HER2 positive cancers [79,80],

\\
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Fig. 6. Schematic representation of Th—Au [51].

and as delivery vehicle for chemotherapeutics and radioisotopes for the
same type of cancers [1,2].

The group of Bernardes in collaboration with the group of Tacke,
reported on the synthesis of a gold-based ADC containing an engineered
Trastuzumab which presents and additional free cysteine per light
chain (ThiomAb LC-V205C or Th) [50]. The gold(I) N-heterocyclic
carbene-containing organometallic compound (Fig. 6) was directly
conjugated to the mAD light chain through the thiol from the cysteine
groups generating a gold-sulfur bond (conjugate Th—Au in Fig. 6) [50].

This conjugate (obtained with > 95% conversion) was character-
ized by LC-MS (liquid chromatography-mass spectrometry) and by EI-
MS (electron ionization -mass spectrometry). The authors demon-
strated the selective binding to a single cysteine residue per light chain
by the gold starting material. They obtained a drug to antibody ratio
(DAR) of 2 and reported on the specificity and binding capacity to the
HER2 antigen overexpressed in the SK-BR-3 breast cancer cell line (by
flow cytometry). The ICso obtained by Th—Au in this cell line (9.85 pM)
was however quite close to that obtained for the triple negative MDA-
MB-231 breast cancer cell line (14.48uM) or the non-malignant
MCF10A (13.22puM) both which do not overexpress the HER2 re-
ceptors. In addition, the ICso for the gold(I) starting material [Au
(NCH)CI] was marginally higher in the three lines studied (13.64 uM for
SK-BR-3 breast cancer, 17.69uM for triple negative MDA-MB-231
breast cancer, and 16.35uM for the non-malignant MCF 10A) [50].
Ideally the resulting conjugates should have a higher specificity for the
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Fig. 7. Linkers containing gold(I) compounds (1-4) amenable for bioconjugation with mAb.

Adapted from Scheme 1 in ref. [51].

cell lines overexpressing HER2 and a much lower ICs, value (nano or
sub-nano molar range) as described in the Introduction. In addition, the
direct conjugation of the gold atom to the free cysteine of Thiomab in
Th—Au may cause a decreased stability in vivo.

Our group at Brooklyn College (in collaboration with the group of
Lewis at Memorial Sloan Kettering Cancer Center) reported on the same
year on Trastuzumab-gold conjugates [51]. We described gold(I)-com-
pounds amenable to bioconjugation via ester or maleimide linkers.
Fig. 7 depicts the four gold-containing linkers obtained (1-4) via re-
action of commercially available linkers containing a terminal alkyne

Trastuzumab

H
N\

i —{Lys-NH 2)

and [AuN3(PPh3)] (1-3) (copper-free cycloaddition) or by amide for-
mation between a linker containing a terminal amine and a gold thio-
late compound containing a terminal carboxylate group (4). These
linkers were fully characterized and two (1 and 4) were chosen for
bioconjugation with Trastuzumab.

Compound 1 activated N-Hydroxysuccinimide NHS-ester moiety
can react with the cysteine residues of Tz to generate Tras-1. For
compound 4 a more selective conjugation can take place as its mal-
eimide moiety can react with the Tz cysteine residues after reduction of
Tz interchain disulfide bonds to generate Tras-4 (Scheme 3) [51]. The

H
N\N

PhsP-Au—( |

PBS/DMF
Buffer, pH = 9.0

N
PhsP-Au S Kj
o O
1 0

0
1) Ph3P—Aufs~®—/< 0
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10 eq.
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Trastuzumab Borate Buffer/DMSO

Borate Buffer, pH = 8.0
Incubation for 2 h at 37 °C

Scheme 3. Preparation of Trastuzumab-gold comjugates Tras-1 and Tras-4.

Reproduced from Ref. [51] with permission from the Royal Society of Chemistry.

Incubation for 1.5 h at 37 °C

HN-7Lys

Tras-1

Tras-4
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Cell viability ECs, values (M) in breast cancer HER2-positive MCF-7 and BT-474 cells, and non-cancerous breast MCF-10A cells for: a) gold starting materials [AuCl
(PPh3)] and [Au(mba)(PPh;)], b) new gold-containing linkers 1, and 4, and c) novel antibody gold-based conjugates Tras-1 and Tras-4. Auranofin (AF) was used

as control.

Reproduced from Ref. [51] with permission from the Royal Society of Chemistry®.

[AuCI(PPh3)] [Au(mba)(PPhj3)] 1 4 Tras Tras-1 Tras-4 AF
MCF-7 (A) 3.57 + 0.33 2.36 + 0.32 38.76 + 4.85 2.73 * 0.86 ~60uM 2.67 = 0.70 0.63 *+ 0.05 4.09 = 0.07
BT-474 (B) 3.32 = 0.10 3.51 + 0.16 23.28 + 0.31 0.81 = 0.01 ~60uM 1.73 = 0.17 0.32 + 0.01 3.94 + 0.33
MCF-10A (C) 18.94 + 1.30 5.52 * 0.36 44.57 = 5.15 6.77 = 0.67 ~50uM 5.69 = 0.45 4.04 = 0.20 3.19 = 0.45
ECs0(C)/ECs0(A) 5.30 = 0.61 2.34 = 0.35 1.15 = 0.20 2.48 + 0.82 0.83 = 0.13 2.13 + 0.58 6.41 + 0.60 0.78 = 0.11
ECs0(C)/ECso (B) 5.70 = 0.43 1.57 = 0.13 1.91 = 0.22 8.35 = 0.83 0.83 = 0.13 3.29 + 0.41 12.63 + 0.74 0.81 + 0.13

? Compounds were dissolved in 1% of DMSO, DMF or DMSO/triethylene glycol (as described in Ref. [51]) and diluted with media before addition to cell culture
medium for a 72 hour incubation period. Trastuzumab, Tras-1 and Tras-4 were directly diluted in media. Compounds performed in duplicate and STDEV is derived

from these two separate experiments.

new antibody gold-conjugates (AGCs) were obtained with yields of 55%
and 70% respectively and a purity of > 95% and were characterized by
MALDI-TOF and size exclusion HPLC. Tras-1 resulted in a DAR of
2.7-3.2 and Tras-4 in a DAR of 2.7 (we had aimed for DARs comprised
between 2 and 4). ELISA assays for binding affinity for HER2 showed a
slight decreased binding affinity for HER2 for Tras-1 and Tras-4 in
comparison with Tz. Moreover, we studied the stability of these new
conjugates in human serum over a period of 7 days. The presence of
unconjugated gold was evaluated by ICP-OES and no release of gold
was observed in this period confirming the stability of Tras-1 and Tras-
4 [51].

The cytotoxicity of the conjugates on HER2 positive breast cancer
cells (MCF-7 and BT-474) and on a non-cancerous human breast cell
line (MCF-10A) was studied and compared to that of gold starting
materials, gold linkers (1-4) and unmodified Tz (Table 1). The AGCs
Tras-1 and Tras-4 displayed enhanced cytotoxicity (very low micro-
molar and sub-micromolar range) compared to the gold linkers (1 and
4), or Tz in the HER2 positive cell lines. Tras-4 was significantly more
cytotoxic (10 fold) than starting material [Au(mba)(PPhs)] in the BT-
474 cell line (Table 1). The selectivity of Tras-4 is also higher compared
to conjugate Tras-1, all gold starting materials and Auranofin (used as
control) [51].

The results of our study were very promising as we had used a non-
optimized payload (fragment [Au(PPh;)*]) and obtained ECso values
for the first time in the sub-micromolar range for metal-based ADCs.
The use of other gold-cytotoxic payloads (like specific gold-N-hetero-
cyclic carbenes) already known to have ECsg in the nanomolar range,
will undoubtedly help increase the clinical translation potential of gold-
based ADCs [51].

Table 2 summarizes the section of ADCs containing metal-based
cytotoxic payloads providing a quick visualization in terms of cytotoxic
payload, linkers or nanocarriers employed, mAb and cancer cell lines
targeted and indicating if in vivo studies were performed.

3. ACDs containing metal-based components (nanoparticles) in
their structure

Nanoparticles have been used for over two decades in biomedical
sciences and engineering. The FDA approved Doxil® (liposomal-en-
capsulated doxorubicin) in 1995 to avoid cardiomyopathy in long-term
treated patients. Nowadays, metal nanoparticles are of interest due to
their unique physicochemical properties compared to the bulk material
[91]. The most studied metal nanoparticles are those based on silver
and gold [92,93].

Gold-nanoparticle (AuNP) properties allow for several applications
such as catalysis, electronics, photodynamic therapy, or agent delivery
[91]. In addition to these applications, AuNPs can be modified with
diverse functional groups which can be conjugated to drugs and/or
antibodies to afford nanoADCs [52-66]. NanoADCs have been used in
phototherapy (PDT [52-54], photothermal therapy PTT [55-61]) and

as chemo-sensitizers [63,64] and as carriers for payloads [65,66]
(Fig. 8).

3.1. ADCs containing metallic nanoparticles for phototherapy

Phototherapy is a type of therapy that uses specific light wave-
lengths of light to irradiate cancerous tissues [94-96]. This type of
therapy includes photodynamic therapy (PDT) [97] and photothermal
therapy (PTT) (Fig. 8.A) [98]. PDT involves a photosensitizer and a
specific light wavelength (from visible to near red). Upon irradiation,
the photosensitizer produces singlet oxygen ('0,) which induces
apoptosis through reactive oxygen species (ROS). PTT increases cell
temperature after excitation by light absorption that leads to cell death.
This process of light-induced temperature elevation is known as hy-
perthermia. Other variants of PTT use radio frequency, microwaves, air-
plasma, or near-infrared region (NIR) instead visible light as hy-
perthermia agents [97].

3.1.1. Metal nanoparticle-ADCs in photodynamic therapy

Pérez-Garcia and co-workers reported in 2017 on functionalized
AuNPs with a tetraphenylporphyrin photosensitizer (PR) and PEG that
were conjugated to anti-ErbB2 [52]. PR-AuNP-PEG-Ab conjugate was
tested in SK-BR-3 breast cancer cells in the absence and presence of
light. Only after irradiation, the cellular morphology changed and there
was cell membrane damage [52]. De la Rosa and co-workers developed
similar NPs-based platforms [53]. They synthetized NaYF,:Yb,Er up-
conversion nanoparticles (UCNPs) covalently bound to a porphyrin-
based photosensitizer (ZnPc) conjugated to trastuzumab (Tz). UCNPs
can convert NIR light into red light which can subsequently excite ZnPc
[53]. HER2-positive and -negative breast-cancer cell lines (SK-BR-3 and
MCF-7, respectively) were treated with UCNPs-ZnPC-Tz with and
without irradiation. The viability of SK-BR-3 cells was dramatically
decreased after irradiation indicating selectivity [53].

Cui and co-workers studied the PTT effect of a cell-based nanoADC
in vitro and in vivo. Gold nanoclusters were assembled using Chlorin e6
(a porphyrin-based photosensitizer) to produce stable nanoparticles
which were conjugated to anti-CD3 [54]. Cell-based nanoADC was
generated after CIK (Cytokine-induced killer) uptake of Ce6-GNCs-Ab
NPs. CIK viability of cell-based nanoADC was not affected in the ab-
sence of laser irradiation [54]. Human gastric cancer MGC-803 cells
were exposed to Ce6-GNCs-Ab-CIK and CIK cells in the presence or
absence of laser irradiation showing that MGC-803 viability was only
reduced after Ce6-GNCs-Ab-CIK treatment and irradiation. In addition,
in vivo studies demonstrated that irradiated cell-based nanoADC dis-
played a decrease in tumor volume respect to other irradiated treat-
ments [54].

3.1.2. Metal nanoparticle-ADCs in photothermal therapy
The first two examples of ADC-nanoparticles for PTT were published
in 2005 [55,56]. Drezek and co-workers reported that nanoshells
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Table 2
Summary of ADCs based on metal-containing cytotoxic payloads. Structures of payloads in Figs. 2, 6 and 7. Structures of linkers or carriers in Figs. 3-5 and Schemes 2
and 3.
Metal-based Linker or mAb or mAb- Cells targeted in  In vivo efficacy  In vivo Toxicity Selectivity Ref
payload nanocarrier Fab’ vitro studies PK
studies
K,PtCl, None No No 3- to 1.25-fold higher Pt-anti-YAC is 3-fold more [37]
or cis-DPP - - cytotoxicity of Pt-anti-YAC selective than Pt-anti-38 to
Anti-YAC Ig YAC (Moloney- respect to anti-YAC 38C13 cells
induced virus
- lymphoma)
Goat anti-38C-
13Ig -
38C-13 (B-cell
- leukemia)
Mouse anti-YAC
monoclonal Ig
cis-DDP CM-dex Goat anti-38C-13  38C-13 (murine No No Gls of Cis-DDP-CM-dex-g- Cis-DDP-CM-dex-g-anti- [40]
or cis-aq model for B- anti-38C-13 38C-13 is 24-fold more
Lymphoma) 5uM selective than cis-DDP-CM-
dex-g-anti-RIgC to 38C13
cells
cis-DDP CM-dex A5B7 LS174T LS174T tumor- No IDso (24 h) 3puM A5B7-Dextran Cisplatin [41,42]
(colorectal bearing nude Yes more cytotoxic than CM-
carcinoma) mice dextran-Cisplatin
cis-DDP DTPA CD7 T-cell T- or B- No No Inhibition of proliferation of all ~ Specific IgG AB conjugates [43]
lymphocytes conjugates at 0.75mg/L [cis- more cytotoxic than cis-
DDP] about 50% in DDP ca. 2-fold (with pre-
- corresponding targeted cells incubation) and same
L-227 (free cis-DPP 12-24%) when cytotoxicity at 24 h
pre-incubated and similar IP at incubation
- continuous incubation (24 h)
S34
22c6
EBU-141
cis-DDP DTPA Anti-CA125 NIH:OVCAR 3 No No No antiproliferative activity on N/A [44]
(ovarian target cell lines (0.5 mg/mL
cancer) [cis-DPP])
cis-DDP Ferritin (HFt) Epl CSPG4 + CSPG4 + No Tumor size was reduced 1.2-  HFt-Pt-Ep1 is 25-fold more [48]
Nanocage melanoma melanoma fold in breast carcinoma and  selective to melanoma than
xenografts- 3.8-fold in melanoma breast carcinoma
bearing nude
mice
MIDP None 1C1 MCF-7 No Yes Inhibition of proliferation of all N/A (non-targeted and [38,39]
(breast cancer) conjugates at 0.63 pg/L [Pt] non-specific conjugates)
50% in corresponding targeted
cells (free MDPI 50% at
0.16 ug/L [Pt])
Oxaplatin Liposomes Cetuximab CTX EFGR + CCR SW-480 colon Yes ICso (UM) of LP-Fab” Targeted liposomal L-OH [47]
O-LH or CTX-Fab’ cell lines xenografts- 17.19 = 1.12 (HCT116) outperformed liposomal
(anti-EGFR) (colorectal bearing mice 23.82 + 0.89 (HT29) and free L-OH in all EGFR
cancer) 28.12 + 0.40 (SW480) overexpressing cell lines
35.86 + 3.51 (SW620) (1.5-3-fold)

Oxaplatin (Val-Cit) Trastuzumab Tz SK-BR-3 No No ICs of Tz-Pt(II) (uM) Over 2-3 fold more [45]
analogue cleavable dipeptide or Herceptin MCF-7 19. + 2.2 (SKBR3) selective to HER2-positive
Pt(DACH) (anti-HER2) (breast cancer) > 50 (MCF7) SKBR-3 cell line
(Glu) > 50 (MDAMB231)

Oxaplatin Apoferritin (AF) PanitunumAb HCT-116 HCT-116 No Tumor growth inhibition AFPO is 3.4-fold more [49]
L-OH Nanocage (anti-EGFR) (colorectal) colorectal respect control was 2.6-fold in selective to higher-

xenografts- low-expressing EGFR-bearing  expressing EGFR than low-
bearing nude SW-620 mice and 8.8-fold in expressing EGFR tumors
mice high-expressing EGFR-bearing

HCT-116 mice
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Metal-based Linker or mADb or mAb- Cells targeted in  In vivo efficacy  In vivo Toxicity Selectivity Ref
payload nanocarrier Fab’ vitro studies PK
studies
Oxaplatin Micelles Anti-tissue factor BxPC-3 BxPC-3 No ICso (UM) in N/A [46]
analogue TF antibody-Fab’ (pancreatic pancreatic BxPC3
DACHPt clone 1849 cancer) cancer 23 (oxaliplatin)
xenografts- 126 (DACHPt/m)
bearing mice 25 (anti-TF Fab’-DACHPt/m)
N/A (anti-TF Fab’)
[AuCI(NHQC)] None Thiomab LC- SKBR3 No No GI5o (M) GIS0(MCF10A) _ [50]
V205C Th (breast cancer) 9.85 (SKBR3) GIS0(SKBR3)
(anti-HER2) 14.46 (MDAMB231) 1.35
13.32 (MCF10A)
GISO(MCF10A) _
GI50(MDAMB231)
0.92
[AuCl(PPh3)] Commercially Trastuzumab Tz MCE-7 No No ECso of Tras-1 (uM) EC50(MCF104) _ [51]
available linkers or Herceptin BT-474 2.67 = 0.7 (MCF?7) EC50(MCF?7)
containing a (anti-HER2) (breast cancer) 1.73 + 0.17 (BT474) 2.13 + 0.58 (tras-1)
terminal alkyne or 6.41 * 0.6 (tras-4)
amine (Fig. 7) ECs of Tras-4 (uM)
0.63 + 0.05 (MCF7) ECS0MCF104)
EC50(BT474)

0.32 = 0.01 (BT474) 3.29 + 0.41 (Tras-1)

12.63 = 0.74 (Tras-4)

(120 nm of silica core NPs covered by 10 nm of gold shell) conjugated to
anti-HER2 antibody induced apoptosis in SK-BR-3 breast cancer cell
lines [55]. Anti-HER2-nanoshells-treated cells died after exposition to
NIH irradiation while no cytotoxicity was found in the absence of ir-
radiation [55]. Not long after Drezek's report, El-Sayed and co-workers
published a PTT study using anti-EGFR-AuNPs in three different cell
lines [56]. Results showed that the benign epithelial HaCaT cell line
presented photothermal destruction at higher irradiance than squamous
carcinoma cell lines (HSC 313 and HOC 3 Clone 8) [56]. In 2017, Yang
and co-workers conjugated anti-c-Met (hepatocyte growth factor re-
ceptor) to hollow gold nanospheres (HGNs) to study the effect of
radiotherapy in the human cervical CaSki cell line. CaSki proliferation
was only inhibited after X-ray radiation in ADC-nanospheres-treated-
cells [57].

Gold nanorods (GNRs) can also be used in PTT due to their char-
acteristic surface plasmon resonance (SPR) effect [99]. He and co-

A) Phototherapy

workers studied the application of anti-EGFR-GNRs for in vitro and in
vivo PTT [58]. Anti-EGFR-GNRs were not cytotoxic in Hep-2 or in
human bronchial epithelial cell line Beas-2B in darkness. However,
anti-EGFR-GNRs inhibited growth of human laryngeal epithelioma
Hep-2 cells at low irradiance. In addition, in vivo studies showed that
anti-EGFR-GNR after irradiation, significantly inhibited tumor growth
of Hep-2 xenografts with an effect comparable to that of cisplatin [58].
Years later, Zhang's group reported on in vitro and in vivo studies of gold
nanorods-porphyrin-trastuzumab (TGNs) complexes [59]. In short,
HER2-positive breast cancer cells (BT-474 and SK-BR-3) underwent
apoptosis after TGNs treatment and irradiation. The viability of non-
cancerous human breast cell line MCF-10A was not affected indicating
Ab specificity. Similarly, the tumor volume in xenografted mice models
was dramatically reduced post-treatment with TGN and laser irradia-
tion [59].

O NPs S mAb
Cell Cell PDT
iati 3o =
uptake Irradiation )  nanoADC
Photosensitizer
Cell Cell
uptake Irradiation PTT
’ Drug
B) Chemo-Sensitizer C) Drug carrier
>:/7f Cell tosi T X A Cell o T
r L | uptake apoptosis Sy | vptake apoptosis

Fig. 8. Different applications of gold nanoADCs [52-66].
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3.1.3. Nanoparticle-ADCs as hyperthermia agents.

Although there have been a larger number of reports on PTT, other
nanoADCs that use sources other than visible light to induce hy-
perthermia have been reported. For example, in 2008 Lee and co-
workers prepared AuNP conjugated to anti-phospho-FAK to study the
effect of air-plasma irradiation and gold nanoparticle ADCs in mela-
noma cells [60]. The authors treated G361 human melanoma cells with
AuNP and p-FAK-AuNP in the dark and did not observe cytotoxicity.
Remarkably, plasma irradiation in combination with AuNP and p-FAK-
AuNP exposure, increased cell death dramatically [60]. Years later, Kim
and co-workers reported that p-FAK-AuNP presented cytotoxicity in
G361 cells but not in HaCaT (immortalized human keratinocyte)
normal cells indicating specificity due to the Ab [61]. Moreover, cell
death rates were 3-fold higher in G361 than in HaCaT cells after p-FAK-
AuNP treatment followed by plasma irradiation [61].

3.2. ADCs containing metallic nanoparticle's which act as chemo-sensitizers
or carriers for other drug payloads

A number of reports stated that AuNPs do not present toxic effect
unless the NP diameter is below 3nm [100,101]. However, several
examples are now known for which gold nanoparticles (d > 3 nm)
bound to mAbs exhibit cytotoxicity [63,64]. These cytotoxic effects
have been used to develop AuNPs-based ADCs for two different pur-
poses. Gold nanoparticles can sensitize cancerous cells to the effects of
chemotherapy (Fig. 8.B.) [63,64] or can be used as carriers of cytotoxic
payloads to target cancer cells after antibody conjugation (Fig. 8.C.)
[65,66].

In addition to the uses of AuNPs in therapeutic applications, they
can also be utilized to study the colloidal stability and aggregation level
of the AuNPs-Ab platforms in different freeze-drying formulation (by
evaluation of metal content and antibody efficiency) [62].

3.2.1. ADCs containing gold nanoparticles which act as chemosensitizers

Xu and Yin in 2014 reported that CTX-AuNP inhibited cell pro-
liferation and migration while triggering CTX-induced apoptosis in vitro
[63]. Antibody properties were not impaired; A549 cell line exhibited a
statistically significant response to CTX while H1299 cells did not (high-
and low-EGFR expression, respectively). In addition, in vivo analysis
showed significant tumor growth decrease in A549 xenografted mice
supporting the results obtained in vitro [63]. One year later, Pelaz,
Rejman and co-workers successfully conjugated AuNPs to anti-VEGF
(vascular endothelial growth factor) and anti-HRP (horseradish perox-
idase) antibodies without inducing agglomeration. Unfortunately, Au-
PEG-anti-VEGF and Au-PEG-anti-HRP NPs exhibited similar cell viabi-
lity values which indicates antibody deactivation [64].

3.2.2. ADCs containing gold nanoparticles which act as carriers for
cytotoxic payloads

The first example of AuNPs bound to mAbs as carriers was reported
by Basu and co-workers in 2011 [65]. Briefly, AuNPs were incubated
with the VEGFR (vascular endothelial growth factor receptor) antibody
and subsequently with doxorubicin. Bovine aortic endothelial BAEC
cells were treated with Au-anti-VEGFR-2-doxorubicin nanobioconju-
gate showing that the mechanism of uptake is through endocytosis.
Additionally, cargo delivery specificity was demonstrated by treatment
of negative control NTH3T3 (mouse embryonic fibroblast) cells and by
receptor competition assay [65]. Years later, Shapter and co-workers
reported Paclitaxel-Gold nanoparticles (PTX-AuNPs) conjugated to ei-
ther TARP or EpCAM antibodies [66]. These AuNPs-based platforms
were tested in vitro in T-47D (human breast cancer cell) cells demon-
strating that PTX-AuNPs-Ab presented a higher cytotoxicity than either
Ab-AuNPs or PTX-AuNPs. From the two antibodies tested, TARP ex-
hibited higher cytotoxic effect than EpCAM against T-47D cell line [66].
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4. ACDs containing metal-based components (single molecules) in
their structure

As mentioned in the Introduction, linkers are a critical component
for the successful translation of ADCs to the clinic [1-10]. Linkers al-
ready described are mostly built by organic molecules but some metal-
linkers based on ethylenediamine platinum (II) complexes (Lx) have
also been reported (Fig. 9) [67-70].

The group of van Dongen reported in 2015 the coupling of 4-ni-
trobenzo-2-oxa-1,3-diazole (NBD) fluorophore to Trastuzumab (Tz)
using ethylenediamine platinum (II) as linker (Fig. 9.A.) [67]. NBD was
tethered to the linker through ligands such as N-coordinated amines
(heteroaromatic and aliphatic) or S-coordinated thioethers [67]. Fur-
ther studies of this group focused on in vitro and in vivo analysis [68,69]
of Lx-based ADCs such as Trastuzumab-coupled to 8°Zr-labeled Desferal
and Trastuzumab-coupled to Auristatin F. Biodistribution studies
showed that ADC conjugates were stable and therefore further antibody
modifications were not deemed necessary [68,69]. In addition, the Lx-
linker (as part of the ADC) did not afford side reactions after in vivo
administration. An increase in the cytotoxic effect of Auristatin F-ADC
was demonstrated [68].

In 2016 Roy, Sengupta and co-workers attached PEG-Camptothecin
(PEG-CPT) to Trastuzumab (Tz), Cetuximab (CTX), and Rituximab
(RTX) by reaction of the Lx-linker with the disulfide bridges from the
antibody (Fig. 9.B) [70]. The DAR values obtained were ~8 and the
linker generated did not compromise the antibody properties or ADC
stability. This Lx-ADC was more stable than maleimide-ADC and ex-
hibited higher cytotoxicity [70].

5. Conclusions and outlook

In conclusion, we have demonstrated that while the field of ADCs
has burgeoned in the past thirty plus years, metal-based ADCs have
been overlooked. We only found about twenty examples (fifteen re-
ports) of ADCs containing metal-based cytotoxic payloads (based on
platinum and gold) from which only a few were properly characterized.
This is therefore a research area with enormous potential, but scientists
have to take into consideration all advances already made in ADC re-
search and technology over the years. In this regard, the optimal se-
lection of antibodies (humanized) and of site-specific and stable linkers,
and very importantly the judicious choice of metal-based payload is
crucial for any potential translation to the clinic. From the studies re-
ported in this review it is clear that only highly or extremely highly
cytotoxic metal compounds should be employed for their conjugation to
antibodies to generate classical ADCs with any translational potential.
ADCs based on traditional platinum compounds do not have the cyto-
toxicity necessary for successful clinical development. There are how-
ever other metals like gold able to afford highly cytotoxic compounds
that should be further explored. Another area worth of mention is the
use of antibody fragments (nanobodies) instead of antibodies. These are
single-domain antibody fragments (mostly based on naturally heavy
chain variable domains) that are usually a tenth of the size of mAb.
Researchers will have to pay considerable attention to the stability of
new bioconjugates in human plasma before proceeding with more ad-
vanced preclinical studies. In this review we also highlight recent ad-
vances in nanotechnology that have provided antibody-modified na-
nocarriers as excellent targeted delivery vehicles for metal-based
payloads. These inmuno-nanocarriers are usually biocompatible and
stable and allow for the incorporation of a higher number of cytotoxic
drugs per platform unit and an improved pharmacological profile. We
anticipate many advances in this field. The review has also covered the
utilization of metal-based nanoparticles with different applications
(such as PTD and PTT therapy, as chemosensitizers and nanocarriers of
pay-loads) that can target tumors by bioconjugation to mAB. This seems
to be unquestionably an emerging field. Lastly, the utilization of pla-
tinum-based compounds in the structure of linkers for the development
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Fig. 9. Simplified representation of ADCs using different Pt-linkers.

of ADCs has become a novel strategy to dramatically increase the sta-
bility of the linkers. To conclude, we anticipate a number of contribu-
tions from the inorganic medicinal chemistry community which will
advance the exciting field of ADCs in the near future.
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Ab Antibody
anti-c-Met hepatocyte growth factor receptor

ADC Antibody Drug Conjugate
AGC Antibody Gold Conjugate
AF Apoferritin

anti-CA125 anti-ovarian tumor marker

ARC Antibody Radionucleide Conjugate
AuNP Gold nanoparticle

CEA carcinoembryonic antigen

Ce6 Chlorin e6 (porphiryn photosensitizer)
CIK Cytokine-induced killer cells
Cis-DDP  cis-platin

CPT Camptothecin

CRC colorectal

CTX Cetuximab

DACH  1,2-diamminocyclohexane

DTPA  Diethylenetriaminepentaacetic Acid
DAR Drug to Antibody Ratio

EDC/NHS 1-Ethyl-3-(3-dimethylaminopropyl)carbodiimide/N-
Hydroxysuccinimide

EGFR Epidermal Growth Factor Receptor

EPR Enhanced Permeability and Retention
ESI-MS  Electrospray Ionization-Mass Spectrometry
FAAS Flameless Atomic Absorption Spectrometry
Fab fragment antigen binding

GNRs Gold Nano Rods

HAMA  Human Anti Mouse Antibody

Hep-2  human laryngeal epithelioma

HER-2  human epidermal growth factor receptor 2
HGNs Hollow Gold Nanospheres

HPLC High Performance Liquid Chromatography
HRP horseradish peroxidase

HSA Human Serum Albumin

HFt Ferritin

Ig Immunoglobulin

LC-MS  Liquid Chromatography-Mass Spectrometry
L-OH oxaliplatin

LP Liposome

Lx Ethylenediamine platinum (II) complex
mADb Monoclonal Antibody

mAb-Fab’ Monoclonal Antibody Fragment

MALDI-MS Matrix-Assisted Laser  Desorption/Ionization
Spectrometry
Methyliminodiacetato-trans-R,R-1,2-diamminocyclohexane

Mass

MIDP

13

NBD 4-nitrobenzo-2-oxa-1,3-diazole

NHS N-Hydroxysuccinimide

NIR Near-Infrared Region

PDT Photodynamic Therapy

PEG Polyethylene Glycol

PR tetraphenylporphyrin photosensitizer

PTT Photothermal Therapy

PTX Paclitaxel

ROS reactive oxygen species

RTX Rituximab

SATP N-succinimidyl-S-acetylthiopropionate

SPDP N-succinimidyl 3-(2-pyridyldithio)propionate

SPR Surface Plasmon Resonance

TGNs Gold nanorods-porphyrin-trastuzumab

Tz Trastuzumab or Herceptin (humanized IgG1 mAb Herceptin™
from Genentech)

VEGF vascular endothelial growth factor

VEGFR  vascular endothelial growth factor receptor

UCNPs  Up-conversion nanoparticles

ZnPc Zinc tetracarboxyphenoxy phthalocyanine
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