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Abstract

Cancer is one of the leading causes of death worldwide. Can-
cer cells exhibit several characteristics, including high growth rates,
reduced apoptosis, and abnormal metabolic activity. Therapeutic
ability play a fundamental role in the treatment of cancer. Antibod-
ies often show limited effectiveness and must be bound to a func-
tional molecule, drug, or agent to significantly improve efficacy. An-
tibody-drug conjugates (ADCs) have the advantage of monoclonal
antibodies thar deliver drugs specifically and precisely to target tu-
mor cells. Considerable achievements have been fulfilled by using
the conjugation strategy of ADC. Each ADC component (mAb, linker,
and drug) should simply be considered fully functional to accomplish
its goal of improving therapeutic effect and reducing toxicity. Existing
challenges include improving therapeutic index, choosing appropri-
ate target, elucidating immune responses, ADC trafficking, next-gen-
eration molecular advances, and considerate clinical environment to
bring the highest clinical and sub-clinical achievements. Subsequent
efforts were concisely reviewed in detail to assess the functional role
of ADCs and its conjugates in therapeutic developments.
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EGFR: Epidermal Growth Factor Receptor
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DAR: Drug-Antibody Ratio
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Introduction

Cancer causes the most considerable mortality rate worldwide.
Cancerous cells show numerous characteristics of increased prolif-
eration rate, reduce apoptosis, and abnormal metabolic activities[1].
To control the malignant transformation of these cells, a lot of efforts
have been made to examine the genomic studies, metabolites, signal-
ing pathways, and mechanistic activity of drugs related to cancer cells
[1]. Historically, the first description of the cancer-related disease
was recorded in Egyptian papyri during 1600 BC. Advanced radia-
tion therapy and surgery accelerated in the first half of the twentieth
century, but most were inadequate to fight metastatic cancer. In 1940,
nitrogen mustard was considered anti-neoplastic chemotherapy that
target all tumor cells [2]. The concept of selective targeting of tu-
mor cells with antibody conjugate or targeting agents comes from the
German Physician Paul Ehrlich, who coined the term ‘magic bullet’
[3]. The concept of selective targeting was first epitomized 50 years
later when methotrexate was linked to an antibody that target leuke-
mia cells. Kohler and Landmark then significantly improved the ADC
history to develop mouse mAbs using hybridoma technology [4]. In
addition, human mAbs became available in the 1990s using geneti-
cally modified mice and phage display technology [5]. Antibody-drug
conjugates (ADC) are a rapidly expanding class of anti-cancer thera-
peutics, consisting of an antibody attached, via a chemical linker, to
a potent cytotoxic drug also called payload. The antibody is designed
precisely to target a specific antigen that is highly expressed in tumor
cells. The majority of ADCs follows the same mode of action that
involves antibody mediated receptor attachment, internalization, and
release of cytotoxic payloads.

The U.S. Food and Drug Administration approved the first ADC,
the anti-mitotic vinca alkaloid vindesine (Mylotarg, gemtuzumab
ozogamicin), in clinical trials in 2000, but discontinued in 2010 due
to its limited efficacy [6]. As of July 2021, the U.S. Food and Drug
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Administration has approved 11 ADCs and more than 80 ADCs are
currently under active clinical development that can selectively elim-
inate the tumor cells through specific or associated antigens [7-10].
Majority of these drugs utilized auristatin and maytansinoids antimi-
totic agents [11]. Comprehensive studies of molecular mechanisms,
intracellular trafficking, designing of efficient agents of ADC, and
their interaction with tumor cells must be needed for the development
of efficient ADCs. The current work covers recent advances of ADCs
in clinical therapeutics and its counterparts. As illustrated, linker strat-
egies and binding affinity became a key role in the successful optimi-
zation of ADC.

Antibody Drug Conjugates

ADCs are vital bio-pharmaceutics designed for cancer therapy
and intended to targets the cancer cells leaving the normal cells. Four
antibody-drug conjugates have been approved by US FDA so far
as shown in Table 1. Mylotarg (gemtuzumab ozogamicin) was ap-
proved for the treatment of AML in 2000 [12]. This drug compris-
es an anti-CD33 antibody conjugated with DNA strand break cali-
cheamicin. Mylotarg was withdrawn from the market in June 2010
but reintroduced in markets of the US in 2017 [13,14]. Brentuximab
vedotin (Adcetris) and ado-trastuzumab emtansine (T-DM 1, Kadcyla)
were the next approved drugs for the treatment of cancers. Adectris
make conjugation of anti-CD30 antibody with monomethyl aurista-
tin (MMAE), were approved in 2011 for the treatment of Hodgkin’s
lymphoma [15]. Kadcyla, an anti-HER3 antibody conjugated with
maytansinoid DM1, was approved in 2013 for the treatment of met-
astatic breast cancers [16]. The newly approved ADC, Inotuzumab
ozogamicin, is calicheamicin conjugated with anti-CD22 mAb that
results in a double-strand break in CD22 positive acute lymphoblas-
tic leukemia (ALL) [7]. ADCs have three main parts: a monoclonal
antibody, a linker, and a cytotoxic drug. All these components greatly
affect the performance rate of ADC and its optimization (Figure 1)
[17]. Additionally, the developmental progress of ADC depends ex-
tensively on better knowledge of antibody components of ADC and
its trafficking in the intracellular region of targeted tumor cells [18].
Recently, some studies indicated that an engineered antibody can be
utilized to exploit the endosomal pathways that provide a substantial
clove for future studies and better designing of ADC. The experimen-
tal analysis provides knowledge of the intracellular process in greater
aspects dissolves recent divergences and enhances the ability to se-
lect novel and efficient targets for ADCs attachment. Additional vital
research analysis must be needed to parallel analysis, like studies of
tumor cells toxicity, target receptors modification studies, and cas-
cade signaling analysis of receptors modulation by antibodies. More
comprehensive knowledge must be provided by this information and
additionally deliver a broad understanding of proper balance mainte-
nance between target antigens and its sympathy for ADC.

Antibody engineering and its specificity

The ADC molecules are theoretically more complex than either
a monoclonal antibody or its constituents Therapeutic agents are de-
signed to target the tumor cells specifically with the help of mono-
clonal antibodies. Specific antigens localize at the surface of tumor
cells make complex, get internalization through endocytosis and
incorporate into endosomes. Complex degradation process and en-
zymatic reactions take place inside the cancer cells, break down the
ADC complex, and releases the toxic agents. Antibody enhances the
delivery of effective drugs to targeted tumor cells. ADC is being guid-
ed by an antibody to target the tumor cell. The cell surface protein is

recognized by an antibody that provides an address for the therapeutic
agent. The most frequently used monoclonal antibody isotype is IgG1
[19].

The antibody-based cancer treatment is intensively studied and
well appreciated that it has direct or indirect effects, on cancer cells.
The restriction of tumor cells occurs through signal inhibition, lim-
iting proliferation, apoptosis induction, cytotoxic drugs or radiation
delivery, induction and activation of immune cells, and cytotoxicity,
cell inhibition of payload delivered to the targeted area [20]. Thera-
peutic agents are designed in such a way that target the tumor cells
specifically with the help of monoclonal antibodies [21,22]. These
antibodies enhance the delivery of effective drugs to targeted tumor
cells. The mAbs have been applied to treat various cancerous organs
like the breast, kidney, colorectal, lungs, head, neck, and circulations
[23]. Various studies have been reported that trastuzumab (Herceptin)
is humanized IgG1 that can bind to HER2 and improve the survival
rate of breast cancer patients by inhibiting protein signaling by pro-
moting the antibody-dependent cellular cytotoxicity (ADCC). Three
mADbs have been reported to target colorectal cancer antigen EGFR or
VEGF [24]. Colorectal cancer was recorded the third most common
in the world. Similarly, three different unconjugated mAbs are being
approved by FDA to treat hematological malignancies. Rituaumab
(chimeric IgG1) targets CD20 on the surface B cell of non-Hod-
gkin lymphoma and chronic lymphocytic leukemia that trigger lysis
through apoptosis, ADCC, and CDC [24-26]. Obinutuzumab and
Ofatumumab (human IgG1) specifically target the extracellular loops
of the same CD20 to treat CLL patients [27]. Gemtuzumab is human-
ized IgG4 and Brentuximab is chimeric 1gG1, are drug conjugates
that target CD33 to treat the hematological malignancies and relapsed
or refractory Hodgkin lymphoma and sALCL (systematic anaplastic
large cell lymphoma) [28,29].

Four different mechanisms of inhibitions were reported by an-
tibodies against tumor cells. These are a perturbation of tumor cell
signaling, activation of CDC (complement-dependent cytotoxicity),
ADCC (antibody-dependent cellular cytotoxicity), and adaptive im-
munity induction (Figure 2) [30].

Perturbation of signaling

Efficient antibodies were developed to target cytokines. From
these regions, they can start their antagonistic activities. Growth fac-
tor receptors such as EGFR (Epidermal Growth Factor Receptor) are
expressed on tumor cells which are inhibited by antibodies to stop
their mitogenic signaling [31]. Similarly, CTLA-4 was reported to
suppress immune receptors or increase antigenic presentation on
APCs by activating receptors as CD40 [32,33].

Complement-dependent cytotoxicity (CDC)

Complement comprised of more than 30 proteins, assembled to kill
a foreign cell through MAC by proteolytic cascade complex. Thus, it
activates inflammatory response via anaphylatoxin and eliminates tar-
gets [34,35]. Two or more antibodies get attach to the cell and activate
the classical complement pathway via the C1 complex to antibody Fc
domains. It activates cascade mechanisms of phagocytosis and lysis
[36]. CDC significantly contributes to the activity of therapeutic anti-
bodies against tumor cells. Rituximab targets CD20 positive cells, is
a potent activator of CDC, and use to treat many B cell malignancies
[37]. Ofatumumab is type I anti-CD20 antibody, attaches specifical-
ly to stimulate CDC more than rituximab [38]. It was reported that
ofatumumab has a greater affinity to attach with Clq than rituximab
showed enhanced efficiency B cell lymphoma cell lines that resist
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tuximab [39]. Clinically ofatumumab showed enhanced response
against refractory chronic lymphocytic leukemia (CLL), thus get ap-

\‘
ADC Names Antibody Antigen Linker/cytotoxic agent Tumor Developer Status
X Valanie-alanine/ SG3249 .
Zynlonta Humanized I1gG1 CDI19 . B-cell lymphoma ADC Therapeutics Approved 2021
PDB dimer
Blenrep Humanized IgG1 BCMA Maleimidocaproyl/ IMMAF Multiple myeloma GSK Approved 2020
. Hydrolysable CL2A/SN-38 Metastatic triple-negative .
Trodelvy Humanized IgG1 Trop-2 . Immunomedics Approved 2020
Topo I inhibitor breast cancer
Tetrapeptide/exatecan .
. L K HER2-positive breast s
Enhertu Humanized IgG1 Her2 derivatives topoisomerase I Daiichi Sankyo Approved 2019
cancer
inhibitor (DXd)
Adult patient with locally
Packev Human IgG1 Nectin-4 Valine citrulline/MMAE advanced or metastatic Astellas Pharma, Inc. Approved 2019
urothelial cancer
. X ) . ) Relapsed/refractor diffuse
Polivy Humanized (IgG4) CD7% Valine citrulline/MMAE Genetech Approved 2019
B-cell lymphoma (DBCL)
X X L Acute Lymphoblastic
Besponsa Humanized (IgG4) CD22 AcuBut/Calicheamicin A Pfizer Approved 2017
Leukemia (ALL)
. Cleavable Hydrazone, .
Inotuzumab ozogamicin Inotuzumab . Acute Lymphoblastic Approved by US FDA
. CD22 AcBu N-acetyl-gamma-cali- . Pfizer .
(CMC-544; Besponsa) (Humanized) . Leukemia (ALL) in 8/2017
cheamicin
(ozogamicin)
Approved by US FDA in
. ) Relapsed/refractory A
Brentuximab vedotin Ad- X X ) ) . . ) 8/2011. Phase 1-4 multi-
) Brentuximab (Chime- Dipeptide cleavable, Hodgkin lymphoma and Millennium-Takeda .
cetris; SGN35) . CD30 L . N A ple studies. Monother-
ric IgG1) vc-MMAE (auristatin) systemic anaplastic large Seattle Genetics .
apy and combination in
cell lymphoma s
CD30 positive tumors
Approved by US FDA
Gemtuzumab ozogamicin Gemtuzumab cD33 Hydrazone, AcBu, N-ace- Acute myeloid leukemia Pii approval in 5/2000.
zer
(Mylotarg) (Humanized IgG4) tyl-c calicheamicin (AML) Withdrawn 8/2011,
Reintroduced in 2017
A Approved in 2/1/2013 by
. Human Epidermal Growth Immuno Gen ADC .
Ado-trastuzumab emtan- Trastuzumab (Hu- Thioether (Non-cleavable) L. US FDA. Multiple Phase
B . HER2; ErbB2 L. Recptor-2 positive (HER- technology (Genen- . L
sine (Kadcyle; T-DM1) manized IgG1) SMCC-DM1 (maytansinoid) 1—4 studies Combination
2) Breast Cancer tech-Roche)
and monotherapy
Inotuzumab ozogamicin Inotuzumab (Human- cD22 Hydrazone cleavable, AcBu B-ALL and other B cell P In Phase 3 monotherapy
zer
(CMC-544) ized 1gG4) N-acetyl-c calicheamicin malignancies and combination trials
) . ) DLL3 ) ) Phase 2 trials in com-
Rovalpituzumab tesirine Rovalpituzumab . valine-alanine (cleavable . N
N (Delta-like ) . ) SCLC Stemcentrx (Spirogen) bination for SCLC late
(Rova-T; SC16LD6.5) (Humanized IgG1 . dipeptide) PDB dimer .
protein 3) studies
Glembatumumab vedotin . X . X Phase 2 in combination
Glembatumumab Glycoprotein ve-MMAE (cleavable dipep- MBC (Metastatic breast Seattle Genetics Cell- L. R
(CDX-011; CRO11- vcM- .. . s X in triple negative breast
(Huamn IgG1) (osteoactivin) tide) auristatin cancer) and melanoma dexTherapeutics
MAE) cancer
. . . . . Phase 2 mono- and
Anetumab ravtansine Anetumab . Cleavable disulfide SPDB- Mesothelin-positive solid Bayer Healthcare L .
Mesothelin L. combination therapy in
(BAY 94-9343) (Human IgG1) DM4 (maytansinoid) tumors (ImmunoGen) . .
mesothelin positive
. X Non-cleavable, maleim- ) ) ) Phase 1-3 trials in
Depatuxizumab ma- Depatuxizumab K Solid tumors, glioblastoma Abbvie (Seattle L .
. R EGRF ido- caproyl mcMMAF . . combination with temo-
fodotin (ABT-414) Humanized IgG1 ! R expressing EGFR Genetics) . X
(auristatin) zolomide ongoing
Phase 3 trials in combi-
Vadastuximab talirine Vadastuximab (Hu- CD33 valine-alanine (cleavable AML Seattle Genetics nation with azacitidine
(SGN-CD33A) manized IgG1) disulfide) PDB dimer (Spirogen) or decitabine in AML
patients
. Phase 2 & 3 trial in
. . . ) Highly charged cleavable . . A
Mirvetuximab soravtan- | Mirvetuximab Human- | Folate receptor . Lung adeno, endometrial combination plati-
. . disulfide, Sulfo-SPDB-DM4 X ImmunoGen K R
sine (IMGN853) ized IgG1 (Fra; FOLR1) L and ovarian cancer num-resistant ovarian
(maytansinoid) ..
(FRa-positive) cancer
Table 1: List of selected antibody drug conjugates showing its counter parts.
J

proval in 2009 by FDA [27].

Antibody-dependent cell-mediated cytotoxicity (ADCC)
Activation of ADCC by antibody Fc region via FcRs of immune

cells was also reported. Immune receptor tyrosine-based activation

J Clin Immunol Immunother ISSN: 2378-8844, Open Access Journal

DOI: 10.24966/ClIT-8844/1000068

Volume 7 « Issue 2 « 100068


https://dx.doi.org/10.24966/CIIT-8844/1000068

Citation: Kalim M, Lu Y (2021) Essential Impact of Antibodies and Drug Conjugates in Cancer Therapy. ] Clin Immunol Immunother 7: 068.

e Page 4 of 11 «

Figure 1: Representative structure of an ADC presenting monoclonal an-
tibody, linker, and drug. The amino acid group lysine presents the active
specific binding.

Figure 2: Mechanism of antibody action in tumor cell disruption using
CDC, CDC and ADCC signaling.

motifs (ITAMs) and immune receptor tyrosine-based inhibitory mo-
tifs (ITIMs) stimulated via FcRs. Three types of FcRs, FcRI (CD64),
FcRIIA (CD32A), and FcRIIIA (CD16A) exits in mediated cytotox-
icity. Single inhibitory receptor, FcRIIB (CD32B) and FcRIIIA were
reported in natural killer cells to persist prominent effector cells of
ADCC [40]. However, mediation of granulocyte cells and macro-
phages has been recorded to a lesser extent. Antibody-coated target
cells can be recognized by these infected cells via FcRs, release per-
forin and granzymes results in cell lysis [30].

Adaptive immunity induction

A number of researchers recommended that adaptive immunity
induction showed importance to the antibody. Antibody helps to gen-
erate adaptive immunity via CDC and ADCC [41]. These generate
tumor cell fragment, release antigens and taken by APC such as DC,

to initiate tumor-directed adaptive immunity. It also generates trigger-
ing Fc dependent phagocytosis using opsonin [42]. DCs processed the
tumor antigens through endocytosis, presents MHC II to prime CD4+
T cells. Additionally, CDs also help to generate CD8+ cytotoxic T
cells by cross-presentation. Cytotoxic T cell kills tumor cells directly
or further differentiate into tumor-specific T memory cell [43].

Antibody Implications in ADC Development

Characteristics of the monoclonal antibody are critical attribute to
ensure the final ADC complex recognition. The ideal surface antigen
must ensure the active transport of loaded drugs to the internal lumen
of the cell. Physical and chemical properties of mAbs have been ex-
tensively studied and found its steadiness compared to other proteins
[44,45]. Selection of well-characterized antigens greatly increases the
opportunity to develop a successful ADC. Also, the full expression
pattern throughout the healthy and tumor cells must be considered
evading the toxic side effects. Several tumor-associated antigens have
been developed as prospective targets for the antibody component of
ADCs. Leukemia, lymphoma, and multiple myeloma cancer types
help in the study of ADCs. B cell and T cell surface proteins are most
preferred to target, as they are extensively expressed on the surface of
B and T cells in these types [46].

Ackerman et al. reported that ADC efficacy can be affected by
receptor endocytosis. They studied two antibodies M85151a and
M111147 which can bind to CEA (carcinoembryonic antigen). As
M85151a recognizes two epitopes and thus cross-links carcinoem-
bryonic antigen, lead to more sharply internalization [47]. When these
antibodies were incubated with LS174T spheroids, it came to noticed
that the slower M 111147 penetrate more rapidly than the M85151a
antibody. Thus developing ADC, analysis of receptor internalization
mechanics, its effects and delivery of ADC were prominently noticed
[48].

Two recent works were employed to enhance the serum clearance
half-life by using mutagenic strategy. Different pH binding affinity
was used. In the first study, TCZ (tocilizumab) was modified to target
the interleukin 6 receptor (IL-6R). TCZ is promoted to treat moderate
to severe RA (Rheumatoid Arthritis) [49]. The interleukin-6 receptor
goes through a high rate of membrane turnover cause cellular clear-
ance of TCZ via lysosomal degradation and an efficient decrease in
plasma removal half-life. So researchers of this study limit the TCZ
binding affinity to interleukin-6 receptors of endosomal pH 6.0 with-
out its effect on pH 7.4 at the membrane surface. Thus, it allowed to-
cilizumab to unlink from degradation in lysosomes so interleukin gets
in, attach FcRn and recycle back on membrane surface [50]. Histidine
scanning approach is being utilized by the investigator to re-engineer
the binding affinity of tocilizumab at pH 6.0 which involve mutation
of critical amino acid. PCSK9 (proprotein convertase subtilisin kexin
type 9) antibody is also re-engineered by other investigators to en-
hance the degradation of the LDL receptor which directly increases
the LDL- cholesterol [51].

Recycling of receptors such as transferrin, LDL, integrin, metabo-
tropic glutamate 5, and HER?2 takes place to membrane surfaces after
its cellular internalization [52-54]. By developing ADC against these
receptors, one possible attempt to engineer the prominent antibodies
that demonstrate the reasonable returned to surfaces. While, for some
ligands such as tumor growth factor a it is not applicable as they can
certainly dissociate from their receptor in the endosome, traffic to the
lysosome and degrade there. This method has no need of neonatal
Fc receptor, as it is present in the fluid phase of endosomes and can
transport IgG out from inside lumen to membrane surface [55-57].
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The Linker Binding Strategies

Linkers play pivotal roles in ADC design to maintain the balance
and efficiency in the bloodstream. Initially, linkers like hydrazone
were designed in such a way that releases the toxic compartment in the
acidic environment only. However, limited target actions, instability
in circulation, failure to detach, multiple striking rounds and trigger-
ing side effects were reported in these types of linkers. Linker helps
ADCs to conjugate a cytotoxic drug with a monoclonal antibody and
should be stable in circulation to allow the efficient release of carrying
the drug, once ADC gets into tumor cell [58]. Two types of the linker
are being utilized to develop ADC. These are cleavable (hydrazine or
disulfide) and non-cleavable thioether) (Figure 3). Cleavable linkers
release its carrying drugs through the splitting of the bond between
them [8,59] while in non-cleavable linker all elements attached with
each other, followed by proteolytic degradation in lysosome [60-62].

Figure 3: Generic structure of linkers that are used in marketed approved
ADCs.

The first ADC, Gemtuzumab ozogamicin (Mylotarg), was con-
structed using hydrazone linker with calicheamicin. Currently, two
other candidates, inotuzumab ozogamicin (CMC-544) and milatu-
zumab doxorubicin as shown in Fig. 4 utilize hydrazone linker for
the treatment of lymphoid malignancies [63]. The majority of ADC
utilizes direct attachment of linker with a cysteine residue of the an-
tibody by taking advantage of maleimide activity with sulthydryl
groups. One disadvantage of maleimide chemistry for ADC is chem-
ical instability in circulation that results in the premature release of
drugs. It was reported that thiosuccinimide hydrolysis can prevent
the premature release, by incorporation of the amino group to ma-
leimide [64]. Heterogenous development of ADCs was generated by
incorporation of amino acid groups (lysine or cysteine) with antibody
residues (Figure 1). The approach of amino acid binding leads to effi-
cient suboptimal properties and optimization of ADC challenges [65].
The initially available linkage chemistry of linker to a polypeptide of
antibodies was restricted to the natural amino acid side chain, as NH,
in lysine and SH in cysteine. Lysine conjugation completed in two
steps of first binding with antibody and then with drugs. Roughly 90
lysine residues were found in the IgG1 antibody and 30 residues mod-
ified by the different condition for experimental and clinical purposes
(http://www.lifetechnologies.com/us/en/home/references/molecu-
lar-probes-the-handbook.html). Formation of heterogeneous mixture

occurred by lysine-binding and characterized by drug antibody ratio
(DAR), typically 3-4 residues [66]. These drugs can be attached to
any of 30 available lysine residues. Cysteine binding developed di-
sulfide-bridge to create Cys-SH under controlled condition. As there
are 8 possible conjugation sites on a typical IgG1 antibody, creating
a lower heterogeneity compared to lysine conjugation. These interac-
tions of lysine and cysteine with antibodies still possess a challenge
for ADC optimization and its potency for cancer treatment. Recent-
ly phage display technology developed thiols residue THIOMAB,
which do not alter binding specificity or function [67].

The Cytotoxic Agent Potency in ADC Efficacy

Calicheamicin, duocarmycins, maytansinoids, anthracycline, and
auristatins are high evaluated drugs used as cytotoxic components
of ADCs. Calicheamicin and duocarmycins cause irreversible DNA
damage while others result in sorting out of cell microtubule structur-
al fibers. Auristatin derivatives (MMAE & MMAF) and maytansine
derivatives (DM1 & DM4) result in the disruption of microtubules
and eventually cell death [68]. These agents possess high potency and
efficiency in targeted therapy. If even less dose gets into tumor cells,
it will liberate maximum effect as reported in maytansine derivatives.
These are 100 to 10,000 more efficient than a standard chemothera-
peutic agent [69]. Various drugs can bind to single monoclonal anti-
body and its drug antibody (DAR) ratios affect the pharmacokinetic
studies and distribution astonishingly [ 70]. Most cytotoxic compounds
were found hydrophobic in nature and linking them with antibodies,
creates aggregation problems and thus limit drug loading leading to
liver toxicity and elevated immunogenicity [71,72]. Additionally, the
hydrophobic nature of most compounds creates multidrug resistance
response and exit the cytotoxic compound out of cell compromised
the efficacy of ADC. However, it was reported that using a hydropho-
bic linker with maytansinoids produced DM1 hydrophilic metabolites
with no resistance and markedly effective ADC [73].

Doxorubicin comprised from anthracycline family was first
hemi-synthesized compound isolated from Streptomyces in 1960 and
were markedly approved in 1974 for the treatment of several can-
cers. It was conjugated with a hydrazone acid labile linker and cBR96
monoclonal antibody to minimize its toxicity. This conjugate releas-
es its drug due to the elevated acidic environment of endosome and
lysosome as compared to circulation. Preclinical study of doxorubi-
cin conjugated ADC showed limited clinical profile and safety but
showed elevated efficacy as compared to naked antibody [74].

DNA alkylating agent, Calicheamicin, was isolated in 1986 from
Micromonospora, presents enedilyne moiety and allylic trisulfide
group that results in DNA cleavage [75]. Gentuzumab was first ap-
proved ADC utilized calicheamicin drug moiety to treat relapsed
acute myeloid leukemia in 2000 [12,76]. The conjugate presents two
to three DAR via hydrazone linker and releases its drug by hydro-
lysis. Pre-mature release in circulations was restrained by addition
of N-acetyl-calicheamicin dimethyl hydrazide to the antibody via an
acid-labile linker. Inotuzumab ozogamicin (CMC-544) also utilized
calicheamicin derivative to link with anti-CD22 monoclonal antibody
[77]. This ADC molecule utilizes hydrazine linker appears more sta-
ble in circulation. Additional optimization studies are evaluating in
CMC-544 to treat acute lymphoblastic leukemia patients [78].

Auristatins are the most prominent linkers utilized in ADC de-
velopment. Both synthetic MMAE and MMAF of dolastatin series
were originally discovered as a wedge sea hare Dolabella auricu-
laria and modified to auristatins suitable for ADC development and
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conjugation [79]. These drugs prevent the polymerization of mitotic
apparatus. Brentuximab vedotin (SGN-33) utilized auristatin for clin-
ical evaluation, approved markedly in 2011 (Figure 4) [79,80]. Anoth-
er new dolastatin derivative, tubulysins, was reported a potent mitotic
inhibitor that was derived from myxobacteria Archangium gephyra
and Angiococcus disciformis [81]. Additionally, ADCs comprise
emtansine and maytansine conjugates, accounts emerging cytotoxic
drugs that cover 80% of current drug discovery platform. Amanita
mushroom was reported for the production of a-amantin that inhibits
DNA and RNA translocation by blocking RNA polymerase II activi-
ties [82]. Amantin sites were found suitable for linker integration and
ADC optimization, ADC-DSC- a-amantin conjugate, in ERB2, over-
expressing tumor cell lines. A single dose can remit tumor inclusion
in SKOV-3 and JIMT-1 human xenograft model [83,84]. The intrinsic
safety measures and liver response for @a-amantin are still unclear.

Figure 4: Structure of selected approved ADCs and its counterparts.

Internalization Mechanism and Conjugation Strat-
egies of ADC

ADCs are designed in such a way that retains stability in circu-
lation and maintained constancy of antibody and its loaded drugs.
Linker stability can largely impact its payload release mechanism.
ADC specially binds with tumor surface antigen via its antibody, in-
ternalized into cancer cells and subjected to hydrolysis by low pH
environment, disulfide reduction or proteases to release its carrying
drugs [18,85]. Lysosomal Cathepsin B has been reported to involve
in several drug release by its proteolytic enzymatic activity. The lyso-
somal low pH (4.6-5.0) also results in hydrolysis for various linkers
as in hydrazone linkers. ADC internalization initiated with binding
to surface antigens or ligands on tumor cells. These targeted antigens
may include carbohydrates, small surface ligands, antibodies, pro-
teins, and peptides. Different pathways facilitate the internalization
of ADCs. These pathways include the prominent clathrin pathways,
additionally less prominent caveolae-mediated and cholesterol-de-
pendent macropinocytosis pathways [18]. The carrying cargo gets
fused with early endosomes where ADCs sorted to various pathways

of continuously dropping pH from 6.2-6.3 in early endosome to 4.6-
5.0 in lysosomes (Figure 5). The enzymatic activity of lysosomes and
pH environments helps in the endocytic escape of carrying drugs that
largely depends on linker chemistry [86].

Figure 5: Mechanism of endocytosis and intracellular trafficking. The
mechanism includes (a) endocytosis and (b) non-endocytosis. The ADCs
from circulations (pH 7.4) are mediated by clathrin and caveolae to early
endosomes (EE) where pH drops to 6.2-6.3. Non-endocytosis involves di-
rect membrane fusion (MF) or diffusion via the surface membrane. ADCs
either recycle back to the membrane from EE via recycling endosomes to
surface or directed to the multi-vesicular body (MVB). MVB either ma-
ture to late endosome (LE) (pH 5.0-5.5) or as exosomes. LE fuses with the
lysosome (pH 4.6-5.0) to lyse the ADCs into its components and release its
active contents for action. CME: Clathrin Mediated Endocytosis, CaME:
Caveolae Mediated Endocytosis, MP: Macropinocytosis.

The essential chemical and biological concerns of heterogeneous
mixtures have directed to achieve site-specific conjugation that en-
ables precise binding of loaded drugs with antibodies. These achieve-
ments can be avail by engineered cysteine residues, non-natural ami-
no acids incorporation, and enzymatic modification [66]. Standard
cysteine residues are utilized to developed engineered cysteine, while
non-natural amino acids have been developed by enzymatic alteration
of full monoclonal antibody [87,88].

Endosomal Escape and Drug Release

In the cytoplasm, endosomal vesicles fuse with each other to form
early endosome once they detached from the membrane. This early
endosome gives warm welcome to incoming ADC molecules also
with fluid from membrane plasma [89]. Its internal environment pH
ranges from 5.9 to 6.8 and provides initial categorization compart-
ment for internalized ADC [90-92]. The endocytosed ADC can be
recycled back by short recycling loop to the cell membrane or can be
propelled to the Golgi complex for repackaging by using early endo-
some retromer complex [93-95]. Endosomal maturation takes place
from early endosome to late endosomes which are also called MVBs
(multi-vesicular bodies) [96]. This maturation is characterized by a
rise in luminal acidification and formation of ILVs (intra-luminal ves-
icles). ILVs contain the specific ADC with a potent drug which was
budded up from late endosome [97,98]. This ADC complex delivered
to the lumen of lysosome where the potent drug is released and ready
to show its potency and targeting the specific sites (Figure 5). The
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discovery of trafficking processes greatly facilitates the efficacy of
engineered antibody drug conjugates [21,22].

Efficient release of potent drugs in the cytosol of the cell is another
vital factor that affects the efficiency of ADC. The release of the drug
is due to breakage of a chemical bond between antibody and drug, the
linker. Thus linker choices have a great impact on ADC designing.
Hydrazone linkers are acid labile, stable at neutral pH of extracel-
lular environment and cleaved intracellular endosome and lysosome
environment of low pH [99]. Hydrolysis of hydrazone linkers results
in liberation of hydrazine and aldehyde [100]. These types of linker
release the loaded drug calicheamicin as in gemtuzuman ozogami-
cin. Sulfide anion formation followed by thiophene ring development
takes place by degradation of calicheamicin disulfide bond that results
in alkylation of DNA and cell lysis [101]. Inotuzumab ozogamicin
and milatuzumab doxorubicin are two new ADCs under investigation,
utilize hydrazone linker but no studies found related to their drug re-
lease strategies and toxicity response [102,103].

Citrulline valine is a dipeptide linker which is selectively broken
by lysosomal proteases including cathepsin B [104]. The dipeptide
linkers were reported more stable compared to others [105]. Brentux-
umab vedotin comprised of MMAE conjugated with CD30 mAb via
dipeptide linker. This ADC releases MMAE elimination of p-amino-
benzyl carbamate by cathepsin B-mediated dipeptide breakage [86].
The premature release of the val-cit linker was reported in plasma
membrane due to unknown serine proteases [106]. Engineered cyste-
ine was developed to link the SGN-CD33A antibody to pyrrolobenzo-
diazepine (PDB)- DNA binding agent and showed systemic stability
in circulation [86]. The cytotoxic payload is liberated upon internal-
ization in target expressing cells.

Similarly, non-cleavable linkers are also being developed which
are stable throughout the plasma membrane and intracellular space.
Its payload liberation relies on, degradation in lysosomes following
antigen-mediated internalization as in thioether linkers [107]. T-DM1
(Kadcyla, trastuzumab emtansine) utilizes non-cleavable linker is one
of US FDA approved ADC. It was reported that proteolytic cleavage
of T-DMI release liberation of MCC-DM1 and lysine-SMCC-DM1
two catabolites [62,108]. Maleimidocaproyl linker is another example
of the non-cleavable linker that connects the anti-CD30 monoclonal
antibody with anti-mitotic auristatin, MMAF [109]. Intracellular deg-
radation of this linker results catabolite containing lysine or cysteine
residues. Careful selection is required as all catabolites are not active,
however, MMAF conjugates with non-cleavable linker fulfill the po-
tency of activity [86].

Self-immolating disulfide linkers were developed recently that
make conjugation directly with CD22 antibody through cysteine thiol
residues. This novel drug release mechanism reduces disulfide and
self-immolates to thiol intermediate followed by the release of drug
and other catabolites [110]. Cyclobutyl and methyl analogs of thi-
ol reduction resulted in PDB production and cyclopropyl analog re-
duction results in inactive thiol catabolites. The cellular toxicity was
reported less than 50-fold for cyclopropyl as compared to other two
also the pKa value (4.8) was significantly less than cyclobutyl analog
(pKa=9.6) and this may be due to non-immolation results less effica-

cy [111].
Next generation ADCs

Efficient engineering of ADC can evaluate the efficacy and limit
the toxicity of the toxic dose as compared to tradition chemotherapy.

This targeted therapy of cytotoxic agent to cancer cells increases the
delivery to cells thus minimized the effective dose and increasing the
tolerated dose. The off targeted toxicity of second generation devel-
opment also narrowed the therapeutic windows. The reported toxic-
ities of active drugs, as well as optimization of antibodies, linkers,
and drugs, have driven the rational approach of third generation ADC
development.

First generation drug conjugates (Gemtuzumab ozogamicin, My-
lotarg) showed unsatisfactory results and was withdrawn in mid-
2010. The drug calicheamicin was conjugated with the anti-CD33
monoclonal antibody. Failures of Mylotarg were no improvement
in survival and higher toxicity rate. Some studies were also reported
by targeting both CD33 positive and negative cells that result in tar-
gets effectiveness by targeting CD33+ cells. Recently, it was warm-
ly welcomed to the complexity of these molecules and to develop
increasingly sophisticated and pure ADCs to treat tumor cells. The
second generation anti-CD33 ADC, AVE9633, were developed by
conjugation of DM4 with a humanized IgG1 anti CD33 monoclonal
antibody against AML. In AVE9633, multidrug resistance-associated
proteins 1 (MDRI1) does not seem to be involved in resistance as were
reported previously in Gemtuzumab ozogamicin. Discontinuation of
this drug occurs due to its poor activity. The low density of antibody
CD33 also results in insufficient delivery of DM1 to interrupt G2/M
alteration in AML. The third generation ADC vadastuximab talirine
(SGN-CD33A) was developed that causes crosslinking of DNA and
blocking cell division. SGN-CD33A contains synthetic PDB dimer
conjugated with humanized anti-CD33. Site-specific conjugation oc-
curs due to the addition of cysteine residues on heavy chains that also
deliver targeted drugs concisely and mimic toxicity [112]. The second
and third generation agents show a great ability to treat cancer cells.
All second-generation species are a mixture of loaded drugs of spe-
cific ratio with antibodies as 3.5 for trastuzumab emantansine and 4
for brentuximab ozogamicin. Most of ADCs in clinical trials share
the same structural characteristics. Both cysteine and lysine-linked
ADC possess greater toxicity and off targeted release of drugs in rap-
id physiological conditions [64,113]. These unusual conditions can
be resolved by alteration binding chemistries and site-specific con-
jugations as the development of engineered cysteines, engineering of
unnatural amino acids, assisted ligation of enzymes, redesigning of
glycan and glyco-conjugation, serine terminal modification and high-
ly loaded ADCs with more than 8 DAR [114].

Conclusion

ADCs are designed in such a way to mimic the degradation in
circulation and successfully deliver its potent loaded drugs to target-
ed areas. Degradation of ADC in an intracellular environment has a
great impact on efficacy and pharmacokinetics. Catabolism of ADC
may be altered by linker types, drug-antibody ratios, and conjugation
strategies. Maleimide linkers mostly dependent on cellular internal
environment and solvent availability while disulfide linkers tend to
conjugate with plasma proteins. Linker diversification and warhead
improvement have delivered novel prospects to improve precise and
potent drug delivery to targeted cells. Consideration of these factors
will improve stable ADC designing and efficient access of ADCs to
target intact. Significant research efforts are now being directed to-
wards site-specific conjugation strategies of ADCs. These strategies
rely either on engineered cysteine residues or non-amino acid conju-
gated with additional functional groups such as azide, ketone, alkynyl
or aldehyde. The site-specific conjugation of antibody alteration also
increases the homogeneity of ADC that lead to potent linker develop-
ment and efficient ADC generation.
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However further investigation is needed to optimize ADC compo-
nents, improve its efficacy and toxicity, evaluate conjugation chem-
istry and enhance quantitative translocation systems improvements.
Alternative formats of monoclonal antibodies are needed to discover
the efficacy and potency of ADC. These included single chain frag-
ments, protein peptides, dual conjugates, Pro bodies and Fabs [115].
Use of engineered conjugation sites for the better control, stability
and enhanced therapeutic effects of magic bullets also provide a win-
dow for investigation of a naval agent. ADC development will seek
to optimize the designing and improve effects to provide more safety
and potent entity.
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