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Abstract

Synthetic derivatives of the microtubule-targeted agent maytansine, commonly known as drug
maytansinoids or DMs, are emerging as potential cancer therapeutics. DM1 is an antibody-
conjugatable maytansinoid that was developed to overcome systemic toxicity associated with
maytansine and to enhance tumor-specific delivery. Antibody-DM1 conjugates showed promising
results in preclinical and clinical evaluations. However, the molecular mechanism of the drug
component DM1 was largely unknown. Recently, researchers have examined the mechanism of
DML at molecular and cellular levels. According to their findings, DM1 binds at the tips of
microtubules and suppresses the dynamicity of microtubules. The antibody-DM1 conjugate
cleaves inside cells and releases the active drug in a time-dependent manner. The suppression of
microtubule dynamics by DM1 induces mitotic arrest and cell death.

1. Introduction

1.1 Microtubules as drug targets

Microtubules are dynamic, polar polymers composed of of tubulin heterodimers arranged
parallel to a cylindrical axis [1]. Several vital cellular processes depend directly or indirectly
on the structural integrity and optimal functioning of microtubules [2]. For example, normal
cell division requires formation of an intact mitotic spindle apparatus of the mitotic spindle
apparatus and regulated dynamics of the component microtubules. Dynamic instability of
microtubules, in other words the random length changes of microtubules, aids the accurate
segregation of chromosomes during cell division and is fundamental to the optimal
progression of the cell cycle [2]. The dynamic instability is regulated in cells by a variety of
microtubule-interacting proteins such as the microtubule plus end tracking proteins (+TIPs;
[1]) and G proteins [3]. Perturbations in the innate dynamic instability of microtubules
deregulate the cell cycle and arrest cells at mitosis [2]. Therefore, drugs that suppress
microtubule dynamics and thereby inhibit cancer cell proliferation are currently used in the
clinic as effective anticancer agents for a wide variety of tumors [4]. By binding to
microtubule tips or on the surface of the microtubules, these drugs suppress the normal
dynamicity of microtubules and thereby induce cell-cycle arrest, inhibiting cell proliferation.
Microtubule-targeted agents suppress the dynamic instability of microtubules at
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concentrations well below the concentration required to modify the polymer mass of
microtubules [5].

1.2 Maytansine as a microtubule-targeted anticancer agent

Maytansine (Fig. 1) is an ansa macrolide first isolated from the plant maytenus ovatus by
Kupchan et al. [6, 7]. It interacts with tubulin and microtubules and inhibits tubulin
assembly into microtubules [8]. Maytansine has been reported to share its binding site with
vinca alkaloids on tubulin [9]. Because it has the potential to target microtubules and arrest
cell cycle progression, maytansine was evaluated for its clinical efficacy as a potential
anticancer agent. In the late 1970s, the US National Cancer Institute evaluated the clinical
efficacy of maytansine [10-14]. Patients with different types of cancers, including
lymphoma and breast cancer, showed partial or complete responses. However, elevated
toxic side effects, such as peripheral neuropathy, hampered maytansine’s progression as an
anticancer drug [15]. In subsequent clinical trials also, researchers failed to obtain a
clinically relevant outcome [16, 17]. The final clinical trial with maytansine was conducted
to test its efficacy to regress advanced or recurrent adenocarcinoma of the cervix [18]. None
of the patients treated with maytansine experienced promising results. Moreover, the
patients suffered side effects such as myelosuppression [18]. Given these findings,
researchers halted the clinical trials with maytansine.

2. Development of novel, antibody-linkable maytansine analogs

For nearly a decade after the last clinical trial, no investigators considered using maytansine
as an anticancer drug until a group at ImmunoGen Inc. developed synthetic derivatives of
maytansine that can be conjugated to antibodies that target tumor-specific antigens [19]. The
group synthesized derivatives of maytansine that possess 100- to 1000-fold higher
cytotoxicity than the current anticancer drugs that are called drug maytansinoids or DMs
[19]. By conjugating the maytansinoids with antibodies through disulfide-containing linkers
that can be cleaved inside the cell to release the active drug, they revived interest in
maytansine-derivative-based treatment.

2.1 Antibody-drug conjugates (ADCs)

An antibody-drug conjugates contains three distinct components, namely, the antibody, the

linker that bonds the antibody with the drug, and the drug. In order to be effective, the ADC
needs to be non-toxic until it reaches its target tumor cells. Once the ADC finds its target, it
has to be activated.

2.1.1 The Antibody—Monoclonal antibodies that target tumor cell antigens are used in
the treatment of a variety of tumors. In fact, there are treatment strategies based solely on
antibodies, as these antibodies by themselves can be effective as anticancer agents. For
example, trastuzumab, a monoclonal antibody that targets HER2 receptors, is used in the
treatment of HER2+ breast cancers [20]. However, when patients developed resistance to
these antibodies [21], researchers began looking for more effective therapeutic strategies.
Although by themselves the antibodies are often ineffective for cancer treatment, their
characteristic features, such as target specificity and high avidity binding to cancer cells,
render them efficient carriers of drugs that kill cancer cells [22]. In addition, by
“humanizing” the antibodies, host immune response can be circumvented [23].

2.1.2 The linker—A linker facilitates efficient conjugation of the drug to the antibody
[24]. However, in order to be effective, the linker needs to be stable in the circulation, and it
must be cleavable inside cancer cells [25]. Early studies evaluated acid-labile linkers that
utilize the acidic environment of endosomes for cleavage [26]. However, subsequent studies
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found disulfide-based linkers to be a better choice because of their stability at physiological
pH [25]. Moreover, the disulfide linkers utilize the concentration difference of glutathione
inside cells and in circulation. The concentration of the tripeptide glutathione that cleaves
disulfide bonds is a thousand-fold lower in the bloodstream than inside cancer cells [22].
Therefore, the linker is safe in the circulation and gets cleaved inside the cells.

2.1.3. The drug—In order to be an efficient component of ADC, the drug needs to be
linkable to the antibody, it should be able to kill cancer cells with high potency, it should be
sufficiently water soluble, and, like the linker, it should be stable in storage [25]. As
maytansine alone does not possess many of these properties, derivatives of maytansines
(drug maytansinoids or DMs) were developed, which are several times more potent than the
parent compound and possess the other requirements mentioned above [27]. Among them,
DM1 [N?'-deacetyl-N2'-(3-mercapto-1-oxopropyl)-maytansine] has been one of the most
widely used drug candidates.

2.2 Antibody-DM1 conjugates

Antibody-DM1 conjugates are the most extensively studied of the antibody-maytansinoid
conjugates. The first pre-clinical study of the antibody-DMZ1-conjugate was performed on
colorectal cancer cells and on mice bearing human colon tumor xenografts [28]. The
antibody-DM1 complex was prepared by conjugating DML to a colon-cancer specific
monoclonal antibody C242, which recognizes CanAg, a mucin-type glycoprotein expressed
on the surface of human colorectal cancer cells [28]. C242-DM1 was found to be effective
against tumors in mice xenograft models, with complete tumor regression being observed.
C242-DM1 progressed to clinical trials as cantuzumab-DM1 (huC242-DM1, cantuzumab
mertansine), in which the C242 antibody was humanized [29]. Cantuzumab-DM1 was tested
in patients with pancreatic and colorectal cancers [29]. According to the study, the ADC
showed considerable tumor localization without inducing severe hematologic toxicity [29].
Anti-CD22-MCC-DM1 is an ADC in which DM1 is linked to an antibody that targets
CD22, a siglec (which stands for sialic acid binding Ig-like lectins) family lectin expressed
on mature B-cells. The ADC was found to be a promising agent for the treatment of non-
Hodgkin's lymphoma [30]. Specifically, anti-CD22-MCC-DM1 demonstrated the ability to
effectively inhibit the proliferation of several NHL B-cell lines in vitro. It also induced
complete regression of tumors in xenograft mouse models [30]. In BB-10901, an ADC
developed for the treatment of lung carcinoma, DML is linked to an antibody (huN901) that
targets CD56, a homophilic glycoprotein expressed on a variety of tumors [31]. Another
antibody-DM1 conjugate, MLN2704, contains MLN591, an antibody against the prostate-
specific membrane antigen (PSMA), and was found to regress tumors in patients with
progressive metastatic castration-resistant prostate cancer [32]. In addition, researchers are
evaluating the maytansinoid-immunoconjugate IMGN901 that targets CD56, a neural cell
adhesion molecule present on myeloma cells [33]. Trastuzumab is a humanized monoclonal
antibody directed against domain IV of the extracellular domains of HER2 receptors [34].
Trastuzumab-DML1 is also undergoing clinical trials with promising results [35].

2.3 Other Antibody-maytansinoid conjugates

DM4 [N2 -deacetyl-N2'-(4-mercapto-4-methyl-1-oxopentyl) maytansine] is another
antibody-conjugatable maytansinoid that showed promising results in vitro and in clinical
settings. For example, IMGN388 is an antibody-DM4 conjugate in which DM4 linked to an
antibody targeting a,, integrin, an antigen expressed in a variety of solid tumors and on
endothelial cells [36]. Thus, IMGN388 is a potential antitumor as well as antiangiogenic
agent. Another antibody-DM4 conjugate, huMy9-6-DM4, targets CD33, a siglec family
antigen expressed mostly on myeloid cells. huMy9-6-DM4 is undergoing clinical evaluation
for the treatment of acute myeloid leukemia [37]. Like DM1, DM4 is also studied as the
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drug component of CanAg-targeted antibody huC242. huC242-DM4 was found to be
effective in eradicating tumors in xenograft mouse models [37]. In BIIB015, DM4 is
conjugated to an antibody that targets Cripto, an antigen that belongs to the EGF-CFC
family of growth factor-like molecules, and that is expressed on several types of cancer
cells, but is absent on normal cells [38].

3. Molecular Mechanism of Action of DM1

As indicated earlier, DML1 is a synthetic derivative of the tubulin-binding agent maytansine.
Although maytansine is known to interact with microtubules, how maytansine and its
synthetic derivatives inhibit cancer cell proliferation at sub-nanomolar concentrations
remains unclear. Using a combination of biochemical and microscopy techniques, this
author and colleagues [39] showed that maytansine and the DM1 (S-methyl-DM1; ((N%'-
deacetyl-N2-(3-thiomethyl-1-oxopropyl)-maytansine; Fig. 1) suppress microtubule
dynamics at very low drug concentrations. Specifically, using video-enhanced differential
interference contrast microscopy [40], they showed that maytansine as well as the DM1
derivative strongly suppress the dynamic instability parameters of microtubules assembled
from MAP-free tubulin in vitro (Fig. 2). Maytansine and S-methyl-DM1 suppressed almost
all dynamic instability parameters, including the growth rate, the shortening rate, the
catastrophe frequency, and the rescue frequency, with the DM1 derivative showing stronger
suppression of dynamics than the parent macrolide. The molecular mechanism of action of
S-methyl-DM1 was found to be microtubule end poisoning. That is, S-methyl DM1 binds to
the tips of microtubules and thereby inhibits the growth and the shortening of microtubules,
leading to suppression of microtubule dynamics. Specifically, the maytansinoid showed
high-affinity binding (Kp, 0.1 pmol/L ) to approximately 37 sites per microtubule. The
researchers also suggested that S-methyl-DML1 binds to high-affinity sites on microtubules
20 times more strongly than vinblastine and that the high-affinity binding of the
maytansinoid at the tips might have suppressed the dynamics [39]. S-methyl DM1 is also
reported to bind to soluble tubulin [39]. Although its affinity for soluble tubulin is
approximately ten times less than that for microtubules, the possibility of tubulin-S-methyI-
DM1 complex binding at the tips and thereby contributing to the suppression of microtubule
dynamics cannot be ruled out.

4. Cellular Mechanism of Action of the Antibody-DM1 conjugate

In an accompanying study, Oroudjev et al. [41] investigated the mechanism of action of
antibody conjugated DM1 on cells and their effect on cellular microtubules. Maytansine and
S-methyl-DM1 inhibited MCF7 cell proliferation [41]. The half-maximal inhibitory
concentration for mitotic arrest (ICsg) by maytansine was found to be 710 pM, and that of S-
methyl DM1 was 330 pM. Both maytansine and S-methyl DM1 arrested cells at G2-M
transition, with comparable 1Csps (310 pM for maytansine and 340 pM for S-methyl DM1,
[41]). In addition, both maytansine and S-methyl DM1 suppressed microtubule dynamics in
cells as well (Fig. 3, [41]). To study the concentration and time-dependent effects of the
antibody-DM1 conjugate on cancer cells, the authors used a cleavable anti-EpCAM-SPP-
DML and an uncleavable anti-EpCAM-SMCC-DML1. The antibody anti-EpCAM was
directed against the 40 KDa antigen called human epithelial adhesion molecule (EpCAM), a
transmembrane glycoprotein expressed extensively in various carcinomas [42]. The study
revealed that the antibody-DM1 conjugate enters the cells, undergoes lysosomal
degradation, and with anti-EpCAM -SPP-DM1, the sulfhydryl bond that links the antibody
with the drug, is cleaved and liberates the bound DM1. DM1 and its metabolites then
suppress microtubule dynamics (Fig. 4). The authors found that lysine-linker- maytansinoid
adduct (DM1-SPP-lysine) as the primary accumulated metabolites of the two conjugates
[41]. Inside the cells, the DM1 strongly suppresses microtubule dynamics. For example,
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after 24 h of incubation with EpCAM-SPP-DM1, the overall dynamicity of microtubules
was suppressed by 86% [41]. The researchers also noted that the suppression of microtubule
dynamics by the maytansinoid showed qualitative and quantitative similarity in cells and in
vitro with purified microtubules.

5. Therapeutic Perspective

Antibody-DM1 conjugates are emerging as potential anticancer drugs and are under clinical
evaluation. The stability of the conjugates in circulation, their tumor specificity, their high
affinity for binding to target cells, their ability to become activated inside target cells, and
the relatively high toxicity of the activated drug component make antibody-DM1 conjugates
promising therapeutic agents. In addition to these qualities, Kovtun et al. found that
antibody-DM1 conjugates linked via a reducible disulfide bond are effective against antigen
positive and antigen negative cancer cells, when the antigen negative cells are within close
proximity of the target tumor [43]. For instance, huC242-DM1 is known to induce such a
“bystander effect” (that is, after intracellular processing of the antibody-DM1 conjugate,
cells release free maytansinoids into the surrounding medium, which then kill cells that lie
proximal to the target tumor cell) in several cancer cell lines in vitro and also in xenograft
mouse models [43]. Moreover, efforts are underway to address the development of
multidrug resistance to antibody-DM1 conjugates. On this front, novel linkers are being
tested for their abilities to evade multidrug resistance strategies, including overexpression
employed by the cells of the multidrug transporter MDR-1. For example, a recent study
found that linking DM1 with tumor specific antibodies via maleimidyl-based hydrophilic
linker PEG(4)Mal was able to overcome MDR-1 mediated drug resistance [44]. Specifically,
antibody- PEG(4)Mal-DM1 treatment was shown to effectively eradicate human MDR-1
expressing xenograft tumors [44]. Current clinical trials of antibody-DM1 conjugates by the
National Institute of Health in the United States include evaluation of the ADC as a
monotherapy or a combinatorial therapy with existing anticancer agents. For example, two
current phase | clinical studies are evaluating the safety, tolerability, pharmacokinetics, and
efficacy of BB-10901 in patients with multiple myeloma [45] or solid tumors [46]. Several
clinical trails using trastuzumab- DM are also underway [47-50]. For example, one study is
evaluating the efficacy of trastuzumab-MCC-DM1 in combination with docetaxel in patients
with HER2-positive metastatic breast cancer [47]. Successful outcomes of the clinical trials
and enhanced understanding of the molecular mechanisms of the antibody-DM conjugates
would facilitate approval of the antibody-DM1 conjugates as anticancer drugs.
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Maytansine S-methy-DM1

Fig. 1.
Structures of maytansine and the DM1 (S-methyl-DM1; [39]).
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Fig. 2.

Suppression of microtubule dynamics in vitro by maytansine and S-methyl-DM1 at 100 nM.
Life history plots of microtubules assembled from purified bovine brain tubulin in the
absence (A) and presence of 100 nM of maytansine (B) or S-methyl-DM1 (C) showing
suppression of microtubule dynamics [39].

Cancer Lett. Author manuscript; available in PMC 2012 August 28.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Lopus Page 11

=

Fig. 3.

Suppression of microtubule dynamics in MCF7 cells by S-methyl-DM1. Time-lapse images
of microtubules showing suppressed dynamics in the presence of S-methyl-DM1 (340 pM)
[41].
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Mechanism of action of Antbody-DM1 conjugates. The antibody-DM1 conjugate enters
inside the cell by endocytosis. Inside the cells, the linker that bonds the antibody to DM1 is
cleaved [22]. Free DML1 then binds at the tips of microtubules and suppress microtubule

dynamics [39, 41].
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