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ABSTRACT. The development path for antibody drug conjugates (ADCs) is more complex and
challenging than for unmodified antibodies. While many of the preclinical considerations for both
unmodified and antibody drug conjugates are shared, special considerations must be taken into account
when developing an ADC. Unlike unmodified antibodies, an ADC must preferentially bind to tumor
cells, internalize, and traffic to the appropriate intracellular compartment to release the payload.
Parameters that can impact the pharmacological properties of this class of therapeutics include the
selection of the payload, the type of linker, and the methodology for payload drug conjugation. Despite a
plethora of in vitro assays and in vivo models to screen and evaluate ADCs, the challenge remains to
develop improved preclinical tools that will be more predictive of clinical outcome. This review will focus
on preclinical considerations for clinically validated small molecule ADCs. In addition, the lessons
learned from Mylotarg®, the first in class FDA-approved ADC, are highlighted.
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INTRODUCTION

Antibody-drug conjugates (ADCs) consist of three basic
components: the monoclonal antibody, the cytotoxic drug,
from herein referred to as the payload, and the linker, which
couples the payload to the antibody. The fundamental
principle behind antibody drug conjugates is predicated on
exploiting the exquisite specificity of monoclonal antibodies
along with the cell-killing properties of cytotoxic drugs, with
the ultimate goal of improving the therapeutic window for
patients.

The first ADC was described over 50 years ago (1).
Despite setbacks during the evolution of this class of
therapeutics, the field has experienced a renaissance, as
marked by the recent US Food and Drug Administration
(FDA) approvals of Kadcyla® and Adcetris®. Moreover,
about 30 new antibody drug conjugates are currently
undergoing clinical evaluation (2). Equally important, while
ADCs have historically been developed as agents for the
treatment of cancer, the potential to employ this class of
therapeutics to treat disease indications outside of oncology is
also gaining momentum (3,4).

It is important to note that the development path for
ADCs is more complex and challenging than for unmodified
antibodies. Thus, while many of the preclinical considerations
for both unmodified and antibody drug conjugates mirror one
another, special considerations must be taken into account

when developing an ADC. Unlike unmodified antibodies, an
ADC must preferentially bind to tumor cells, internalize, and
traffic to the appropriate intracellular compartment to release
the payload (Fig. 1). Parameters that can impact the
pharmacological properties of this class of therapeutics
include the selection of the payload, the type of linker, and
the methodology for payload drug conjugation (Fig. 1) (5).

In spite of the available arsenal of in vitro assays and
in vivo models, the challenge remains to develop improved
preclinical tools that will be more predictive of clinical
outcome. While the recent clinical successes of Adcetris®
and Kadcyla® cannot be understated, we have yet to fully
understand how these ADCs elicit their pharmacological
effects in patients. The quest to develop more effective and
less toxic ADCs continues. Suffice it to say, improved and
more predictive preclinical studies, combined with clinical
studies of next generation ADCs will no doubt augment our
understanding and ability to develop agents with improved
pharmacological properties, reduced toxicity, and enhanced
efficacy, ultimately leading to more durable clinical responses
in patients.

This review will address critical preclinical parameters to
consider when developing an ADC. Furthermore, while
different classes of payloads have been conjugated to an
antibody, including protein toxins, radioisotopes, and small
molecules, this review will exclusively focus on preclinical
considerations for clinically validated small-molecule ADCs.

CONSIDERATIONS FOR TARGET SELECTION

The selection of the antigen target is a critical parameter
for development of an ADC with an optimal safety and
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efficacy profile. The prototypical antigen target should exhibit
a high level of tumor-specific or disease-specific expression
and minimal to absent expression in normal tissues. In the
context of cancer therapy, tractable antigen targets can be
expressed on the tumor cell surface, tumor stem cells, in the
tumor neovasculature or in the tumor stroma (6).

The level of antigen expression is a key parameter as it
will determine how much of the ADC will bind to the target
tissue and internalize. Thus, in the case of a putative antigen
target that is tumor-specific, if the expression levels are low,
limited binding and inefficient internalization of the ADC are
likely, thereby restricting effective delivery of the cytotoxic
payload and reducing the therapeutic window (7). By the
same token, an antigen target that exhibits a high degree of
expression on tumor cells should promote efficient binding
and delivery of the cytotoxic payload. Importantly, there is
also a strong correlation between elevated antigen target
expression levels and clinical outcome. As a case in point, the
FDA approval of Kadcyla® for Her2-positive breast cancer
was based on data from the phase III EMILIA trial; data
from this trial suggested that patients with increased breast
tumor expression levels of Her2 exhibited improved
progression-free survival and overall survival. More specifi-
cally, progression-free survival was 10.6 months for patients
receiving therapy with tumors expressing higher Her2 levels
versus 8.2 months for lower Her2 expression levels (8).
Similarly, patients who received therapy harboring tumors
with above median levels of Her2 had a median overall

survival of 34.1 versus 26.5 months for patients with lower
Her2 levels (8). These findings also have broad implications
in formulating patient stratification strategies for a given
ADC antigen target. Identification of an antigen-positive
population is paramount to ensuring that the appropriate
patient population receives treatment and will likely respond
to therapy.

One of the key considerations for target selection is to
also establish the type of normal tissue that express the
antigen, the cell-cycle status of antigen-expressing cells in
normal tissue, and whether there is a significant differential in
expression in tumor (or disease) versus normal tissues (6).
When profiling an antigen target, determining whether the
antigen is expressed in vital organs or reproductive tissue is
an important factor; reproductive tissues may be expendable,
while vital organs are not. Suffice it to say, antigen expression
in normal tissues may still be acceptable if expression in vital
organs is minimal or non-existent. Once again, the FDA
approval of Kadcyla® for Her2-positive breast cancer under-
scores this point; while Her2/neu is frequently amplified or
overexpressed in a subset of human breast and ovarian
cancers, it is also expressed in the heart, skin, breast, and on
epithelial cells of the respiratory, gastrointestinal, urinary, and
reproductive tract (9,10).

Another potential exception may include normal target
tissues that are able to regenerate. For example, Rituximab,
while not an ADC, is analogous as it is a depleting antibody.
Rituximab targets the CD20 antigen that is expressed on B

Fig. 1. Schematic illustration of the parameters that impact the pharmacological properties of ADCs and considerations for antigen target
selection. a The properties of the antibody, type of linker, payload class, and payload drug conjugation methodology are critical preclinical
considerations. b Selection and characterization of the antigen target, confirmation of internalization, and intracellular trafficking to the
lysosomal compartment are key factors
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cells. Importantly, while Rituximab is employed to treat B cell
non-Hodgkin lymphoma, this antibody depletes both malig-
nant and normal B cells. Despite the ablation of normal B
cells in this patient population, depletion of normal B cells is
not a major safety issue (9,11).

An additional prototypical example of an antigen
amenable to targeting with an ADC is CD30. CD30, a
member of the TNF family, is upregulated on Reed-
Sternberg cells of Hodgkin lymphoma and on systemic
anaplastic large-cell lymphoma cells (ALCL) (12). In normal
tissue, CD30 expression is restricted to activated T and B
cells—as aforementioned, cell types that exhibit regenerative
capacity (13,14). Adcetris® (brentuximab vedotin) is an ADC
that targets the CD30 antigen and gained FDA approval in
2011 for the treatment of relapsed or refractory systemic
ALCL and relapsed or refractory Hodgkin lymphoma.

As stated above, another consideration is the prolifera-
tive capacity of the cells expressing the antigen. Cells that are
cycling are more sensitive to a class of payload known as
tubulin inhibitors; (15,16) normal cells with an elevated
proliferative capacity will therefore be more susceptible to
this class of payload, leading to increased toxicity.

Lastly, it is worth noting that many classes of targets have
been profiled for ADC-targeting. As an example, single and
multiple transmembrane domain proteins, as well as
glycosylphosphatidylinositol (GPI)-anchored proteins can
mediate ADC internalization and anti-tumor activity in
preclinical in vivo models (6,17).

Validation of Target Expression

Special consideration should be taken when validating
putative antigens for targeting with an ADC. Identification of
such antigens typically involves profiling messenger RNA
(mRNA), protein, and assessing antibody binding for differ-
ences in expression across normal and tumor cell lines and
tissue (18,19). Surveying appropriate tissues for validation of
target expression by immunohistochemistry (IHC) with an
antibody or panel of antibodies is the most commonly
employed methodology toward establishing disease linkage
and confirming that the antigen target is not abundantly
expressed in normal tissues.

Despite the fact that IHC is the most widely accepted tool
to assess antigen expression, this methodology does possess
limitations. Firstly, IHC is a semi-quantitative measure of
antigen expression levels. Equally important, IHC may not
predict antibody uptake under physiological conditions—either
in preclinical in vivo models or in the clinical setting (7). An
alternate approach that may complement IHC data is to employ
biodistribution or imaging studies. Such studies are typically
performed using tumor-bearing mice and accumulation is
evaluated via whole body imaging or measuring radioactivity
in plasma and tissues; the ADC can be conjugated to a
fluorescent tag or radioactively labeled.

In the context of preclinical animal models, a
biodistribution study can provide direct confirmation that
the ADC binds the target. Most importantly, biodistribution
and imaging studies can enable one to assess antigen
expression levels in the whole body or animal, evaluate
antibody access, and confirm internalization—parameters that
cannot be evaluated by IHC. Ultimately, one can establish

whether the ADC is selectively binding the antigen and
determine the amount of drug that has internalized and
a c cumu l a t e d i n t h e t umo r r e l a t i v e t o o t h e r
tissue—measurements that directly impact the therapeutic
window of an ADC.

INTERNALIZATION

Prior to selection of a drug payload and linker, confir-
mation of antibody-mediated internalization and trafficking to
the appropriate intracellular compartment, namely the lyso-
some, are critical to elicit efficient cytotoxicity of antigen-
expressing cells (Fig. 1). The antigen target should be rapidly
internalized and ideally, exhibit efficient recycling on the cell
surface to promote accumulation of the ADC into the cell,
thereby eliciting robust cytotoxicity (7,20,21). It is also worth
noting that the efficiency of internalization may vary between
an unmodified mAb and an ADC (22). Experimental studies
suggest that in some cases, both an ADC and an unconjugat-
ed mAb internalize at the same rate, and in other cases, the
ADC may internalize with more rapid kinetics (23,24). Thus,
in the context of a drug discovery program, profiling the
internalization rate of both the unmodified mAb and
subsequent confirmation with the ADC is paramount.

A number of parameters have been postulated to
influence the rate of internalization—these include epitope
selectivity, antibody affinity, and intracellular trafficking of
the ADC (Fig. 1) (9,25–27).

As a case in point, Owen and colleagues generated a
novel anti-Her2 mAb that maps to an epitope distinct from
that of trastuzumab (Herceptin), the unmodified mAb which
comprises Kadcyla®. These two mAbs, despite selectively
binding to Her2, exhibit dissimilar cellular trafficking patterns
and differential lysosomal accumulation (28).

With respect to antibody affinity, Rudnick and colleagues
evaluated the impact of antibody binding affinity on solid
tumor targeting and penetration with affinity variants that
recognize the same epitope within Her2 (29). In brief,
biodistribution studies profiling mAbs with moderate affinity
exhibited the highest levels of tumor accumulation at 24 and
120 h after intravenous injection, whereas high-affinity mAbs
exhibited the lowest levels of tumor accumulation. In
addition, high-affinity antibodies exhibited greater internali-
zation and degradation, thereby limiting their penetration
into tumors. In contrast, lower-affinity antibodies penetrated
tumors more efficiently, when rates of antibody-antigen
dissociation were higher than those of antigen internalization
(29). Thus, the learnings from the above studies should be
weighed when embarking on an ADC discovery program.

PAYLOADS

As alluded to above, one major clinically validated
payload class includes agents that inhibit tubulin polymeriza-
tion. These agents comprise the auristatin and maytansine
derivatives and exhibit preferential cytotoxicity to rapidly
dividing cells (Fig. 1) (15,16,30). Auristatins are synthetic
compounds while maytansinoids are derived from a
natural product.

A number of maytansinoid ADCs have been character-
ized with demonstrated preclinical activity and more recently,
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clinical activity, targeting several different cell surface tumor
antigens including CD19, PSMA, CD33, CD138, and CD56
(31–35). Importantly, Kadcyla® (ado-trastuzumab emtansine)
carries an anti-mitotic maytansine derivative while Adcetris®
(brentuximab vedotin) is conjugated to an auristatin deriva-
tive (36,37).

In addition, a second class of clinically validated small
molecule payloads includes the calicheamicin and
duocarmycin analogs (Fig. 1). These agents bind to the minor
groove of DNA and are extremely cytotoxic, with picomolar
potency across human tumor cell lines (38–40). Unlike
tubulin inhibitors, DNA damaging payloads impact both
proliferating and non-proliferating cells. This class of payload
may be ideally suited for de-bulking solid tumors where a
substantial proportion of the tumor mass consists of non-
dividing cells. Moreover, this class of payload may be
particularly effective in ablating tumor-initiating cells within
a tumor mass; tumor-initiating cells have been postulated to
be insensitive to standard chemotherapy at least partially due
to their limited proliferative capacity (41,42).

It is worth highlighting that studies of a variety of human
solid tumors suggest that approximately 10% to 20% of
malignant cells within a tumor are actively dividing—a
relatively small proportion of the total tumor cell population
(43). Moreover, the average tumor volume doubling time of
many human solid tumors in patients is on the order of
months or years (44). In sharp contrast, the volume doubling
time of human tumor xenografts in preclinical mouse models
is on the order of days (45). In light of these observations, it is
tempting to speculate that preclinical in vivo models may
over-predict the efficacy of tubulin inhibitors due to the high
proliferation rates of tumor xenografts. Suffice it to say,
calicheamicin is an attractive payload for the treatment of
many human solid tumors due to their slow doubling time.

Current ADCs employing calicheamicin are directed
against liquid and solid tumor antigens including CD22 and
5T4 (46,47). Clinical demonstration of this payload is the
antibody drug conjugate gemtuzumab ozogamicin
(Mylotarg®; Pfizer), a humanized anti-CD33 IgG4 conjugat-
ed to calicheamicin (39,40,48). Mylotarg® was approved in
2000 by the FDA for the treatment of acute myeloid
leukemia but was withdrawn in 2010 due to limited clinical
activity and safety concerns owing to the rate of fatal toxicity
observed in patients. Nonetheless, at least one additional
targeted agent is under evaluation in the clinic that currently
employs a calicheamicin payload (2,49).

LINKERS

Linkers are an important component which can impact
the clinical efficacy and safety profiles of an ADC. Linkers
should be stable in the circulation as pre-mature release of
the payload can elicit toxicity; by the same token, the linker
must deliver and release the payload into the cytosol of the
target cell following internalization and trafficking into the
requisite subcellular compartment (50).

The three general types of linkers employed for conju-
gating small molecule payloads to antibodies can be classified
by their mode of cleavage (Fig. 1). The hydrazone linkers are
susceptible to acid pH and thus release the payload under
acidic conditions within the lysosomes of target cells (50,51).

The disulfide linkers, which have been more widely used,
undergo intracellular reduction. Their mode of action is based
on the observation that the intracellular concentration of
thiols, such as glutathione and cysteine, is much higher as
compared to plasma (50,52). Thus, this class of linker is stable
at physiological pH and releases the payload in the more
reducing environment of the cytosol following internalization.
The peptide linkers on the other hand, are hydrolyzed by
lysosomal proteases (50–54).

Early antibody drug conjugates employed acid
hydrazone linkers; however, the major pitfall of this class of
linkers is their proclivity to undergo spontaneous cleavage
(5). More recent linkers employ disulfide and peptidic
moieties, as described above, which exhibit improved stability
in circulation (5,55). The key strength of peptide-based
linkers is that their hydrolysis is enzymatic; enzymes can be
selected for preferential expression within tumor cells,
thereby minimizing the likelihood of spontaneous drug
release outside the cells and into the general circulation
(52). Hence, because peptide linkers exhibit improved serum
stability, they are also associated with improved anti-tumor
activity (38,56). Furthermore, it is worth noting that conju-
gates coupled via a reducible disulfide bond linker demon-
strate Bbystander cytotoxicity^ (38,57). With this class of
disulfide-linked conjugates, the cytotoxic drug undergoes
disulfide reduction followed by methylation (15). This mod-
ification of the drug, when released, is able to diffuse out of
the cell and kill neighboring cells. Such a mechanism may
prove particularly effective in eradicating tumor cells that do
not express the antigen target within a tumor mass (58,59).
However, by the same token, this class of linkers can
contribute to the overall systemic toxicity of the ADC.

CONJUGATION METHODOLOGIES

Both cysteines and lysines are the two most common
amino acids employed for conventionally conjugating the
linker payload to the antibody. By way of example, lysine
residues are the attachment point for Kadcyla® that is
conjugated to a maytansine derivative (DM1) (60). On the
other hand, cysteine residues are the attachment point for
Adcetris® that is coupled to an auristatin derivative
(MMAE) (60).

One important caveat with conventional conjugation
approaches via cysteine and lysine residues is product
heterogeneity. The conjugation yields a heterogeneous mix-
ture of ADC species with a variable distribution in the
number of payloads per antibody or drug loading. Product
heterogeneity can potentially impact drug efficacy, especially
if a significant proportion of the material is insufficiently
conjugated. In other words, unconjugated or partially conju-
gated drug may compete for target binding of the ADC (with
the appropriate antibody to drug stoichiometry), ultimately
restricting efficient drug delivery to target cells. Importantly,
studies also reveal that increased drug loading of an antibody
results in reduced efficacy (61). Data demonstrate that
antibody drug conjugates with high drug to antibody ratios
are cleared more rapidly from the circulation, compromising
efficacy and tolerability (61).

In order to circumvent this potential liability, IgGs have
been recently engineered to contain predetermined sites for
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drug conjugation (i.e., site-specific conjugation) to yield
uniform and more homogenous drug conjugates with defined
stoichiometries. For example, McDonagh and colleagues
describe the substitution of cysteine residues within the
constant domains (that form the interchain disulfide bonds)
with serine (62). A similar approach involves the incorpora-
tion of cysteines at defined sites available for drug conjuga-
tion; these mAbs, referred to as THIOMABs, contain two
free cysteines in the antibody constant region (63). A recently
published alternate strategy employs an enzymatic method
for site-specific conjugation using bacterial transglutaminase.
Strop and colleagues employed this approach to conjugate
diverse payloads at multiple positions within an anti-EGFR
antibody, and evaluated how the site of attachment impacts
ADC stability, toxicity, and efficacy (64). In brief, they report
that the conjugation site has a major impact on ADC stability
and pharmacokinetics in a species-dependent manner (64).
The authors conclude that this conjugation methodology can
be employed to produce homogenous ADCs and also enables
one to examine the role of position, linker, and payload to
optimize the therapeutic index of an ADC candidate.

In sum, these novel approaches to better control drug
loading are anticipated to generate highly cytotoxic drugs
with increased tolerability, efficacy, and hopefully, more
durable clinical responses.

ISOTYPE CONSIDERATIONS

The IgG1 isotype can potentially elicit antibody effector
function, namely antibody-dependent cellular cytotoxicity
(ADCC) and complement-dependent cytotoxicity (CDC).
Effector function can prove advantageous as it provides an
additional mode of action to ablate tumor cells and moreover,
elicit a secondary immune response (65). Importantly,
Kadcyla® has been demonstrated to elicit ADCC activity
in vitro and in preclinical tumor models (66,67). An important
caveat with an ADC that mediates effector function is the
potential to elicit toxicity in normal tissues; it is worth
mentioning that while an ADC conjugated to a tubulin
inhibitor (e.g., auristatin or maytansine derivative) is likely
to kill rapidly dividing cells, effector function may elicit cell
death in quiescent tissue. In settings where effector function is
undesirable, IgG2 or IgG4 may be preferred as these isotypes
lack Fc-mediated effector activity.

OVERCOMING DRUG RESISTANCE

One significant limitation of Mylotarg® was that patients
developed resistance to the drug when their tumors
overexpressed P-glycoprotein (68,69). In fact, the majority
of payloads employed in ADCs (70–72) are substrates for the
P-glycoprotein transporter. When an antibody drug conjugate
is internalized into the cell, the conjugate is processed and
hydrophobic cytotoxic metabolites are generated; these
hydrophobic metabolites can be substrates for P-
glycoprotein and can therefore be susceptible to P-
glycoprotein-mediated resistance. A new approach to circum-
vent this resistance has been reported through modifications
in the linker conjugating the antibody to the payload (72)
Kovtun and colleagues describe a maleimidyl-based hydro-
philic linker coupled to antibody maytansinoid conjugates

that appears to be a poor substrate for P-glycoprotein,
thereby enabling the cytotoxic drug to remain inside the cell.
Importantly, these conjugates are reported to bypass P-
glycoprotein-mediated resistance in vitro and in vivo, with
an improved therapeutic index (72). While the potential
utility of this improved linker design is compelling, it remains
to be seen whether such modifications will result in improved
clinical responses in cancer patients.

BARRIERS TO EFFECTIVE TUMOR PENETRATION

Tumor and antigen accessibility is a critical factor and
often a major hurdle for effective antibody drug delivery.
Because of limited antibody tumor penetration, and hence
reduced drug delivery, the requirement for highly potent
payloads becomes paramount. It has been reported that only
0.001% to 0.01% of an injected unmodified antibody, and by
analogy, an ADC, localizes to tumors in humans (73). This
limitation is postulated to be a consequence of the architec-
ture and physiology of solid tumors. The limited uptake of
antibodies by tumors is the result of slow diffusion rates and
the long distances required for diffusional transport in poorly
vascularized tumors. This restricted uptake is further com-
promised by the fact that tumors often lack functional
lymphatics (73–77), which can lead to increased levels of
interstitial fluid pressure (IFP) (78,79). An increase in IFP is
likely to reduce convection and thereby inhibit the uptake of
antibodies (74,80). Small tumors (or micrometastases) on the
other hand, tend to exhibit a more uniform circulatory system
and lower IFP—as a result, ADC delivery should be more
efficient under these conditions. In addition, many of the
limitations in diffusion as described above can be
circumvented by targeting liquid tumors.

Because solid tumors often exhibit a poorly organized
vasculature, blood flow is sluggish and unstable. Therefore,
delivery of oxygen and nutrients to cells that are not in close
proximity to functional blood vessels is limited, resulting in
hypoxia and accumulation of lactic and carbonic acid, which
lower the pH in the tumor microenvironment (81,82). These
oxygen- and nutrient-deprived regions are often necrotic and
localized to the central regions of the solid tumor. As a
consequence of the limited and abnormal blood flow rates in
necrotic regions, efficient antibody drug delivery is severely
restricted.

Improving tumor penetration and accumulation by using
antibody fragments or protein scaffolds is a promising new
avenue that is under investigation. As a case in point,
preclinical studies with anti-CD30 diabodies conjugated to
auristatin demonstrated efficacy in preclinical tumor models
(83). However, whether such approaches yield improved
tumor penetration and hence enhanced clinical responses in
patients remains to be seen.

IN VIVO MODELS

Murine xenograft tumor models have proven instrumen-
tal in the selection and development of existing anti-
neoplastic agents, including ADCs, for the treatment of
human malignancies (84). Equally important, xenograft
models have been shown to be clinically relevant as there is
a correlation between activity in some animal models and
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Phase II clinical trials (85). As such, these models remain the
model of choice for evaluation of novel therapeutic agents by
the National Cancer Institute (86), academic institutions, and
both the pharmaceutical and biotechnology industry.

In vivo models provide valuable information not only
about efficacy, but also serve as an informative tool to predict
safety and therapeutic index. However, one major caveat is
that tumor xenograft models often do not fully recapitulate all
stages of cancer progression (87–89). As in the case for any
preclinical drug discovery program, the route of tumor
implantation as well as selection of the tumor cell line(s) are
both important parameters. As described earlier, human
tumor xenografts adapted to grow in animals often exhibit a
higher proliferative capacity as compared to the original
patient tumor (88,89). The vascularity of the transplanted
tumor may differ, with transplanted tumors typically
exhibiting improved blood supply and reduced necrosis (89).
While subcutaneous implantation is the most common route
of tumor cell delivery in preclinical models, orthotopic
implantation of tumor cell lines into their natural anatomic
location may be more predictive and thus more clinically
relevant. Orthotopic implantation allows human tumors to
mimic clinical-like tumor growth and metastasis, in contrast to
subcutaneous implantation, which is not a common site for
human tumors (87,89). In addition, patient-derived xenograft
(PDX) models, which employ primary tumor cells directly
obtained from patients, as opposed to cell lines, are histolog-
ically intact, maintain tissue architecture, and preserve the
original genetic lesions of the disease (90). While not broadly
implemented, orthotopic implantation of patient-derived
tumor fragments may ultimately prove more predictive of
patient responses during the course of therapy with an ADC.

Lastly, an important consideration in the in vivo evalu-
ation of an ADC is species cross-reactivity. In instances where
the antibody component of an ADC exhibits poor or no
cross-reactivity to the murine ortholog of the antigen target, a
transgenic knock-in mouse may be necessary under certain
settings. These animals are genetically engineered to express
the human ortholog and enable one to better predict the
impact of the antibody on tumor–host interactions (91).
Equally important, the transgenic knock-in mouse enables
one to circumvent the requirement for developing surrogate
antibodies. These genetically engineered animals may be
particularly informative if the ADC is directed against an
antigen expressed in the host vasculature or stroma. More-
over, knock-in mice can also provide an early read on
potential toxicities.

By the same token, if the antigen target is exclusively
expressed on human tumor cells, a knock-in mouse model
may not be required. In this setting, the ADC is expected to
target the implanted human tumor that is expressing the
antigen target.

SAFETY CONSIDERATIONS

Selection of the appropriate species for preclinical safety
assessment must also be weighed. In similar fashion to an
unmodified antibody program, the species should express the
ortholog and the ADC should bind with similar affinity to the
human target. ADC binding in human and animal species
(e.g., rodent and non-human primate) should be evaluated by

immunohistochemistry across a broad panel of tissues. Data
to support species relevance should include a cross-species
comparison of antigen tissue distribution, sequence similarity,
epitope binding, and cytotoxicity assays with the ADC (92).

It is also important to highlight that unlike unmodified
antibodies, ADCs can elicit on-target and off-target toxicities.
On-target toxicity is the result of the ADC binding to and
eliciting cytotoxicity of antigen-expressing normal cells and
tissue. Off-target toxicities are mediated by the payload
alone. These toxicities are elicited via pre-mature release of
the payload in circulation, or alternatively, through
endopinocytosis or FcR-mediated internalization by normal
cells (6). Ultimately, the relative contribution of each of the
aforementioned toxicities will determine the therapeutic
index of an ADC candidate.

LESSONS LEARNED FROM MYLOTARG®

In 2000, Gemtuzumab ozogamicin, also referred to by
the trade name Mylotarg® (Pfizer), was the first ADC
approved by the US Food and Drug Administration (FDA)
based on encouraging phase II data. More specifically, this
agent was granted accelerated approval for patients with
acute myeloid leukemia (AML) aged 60 years and older who
were not eligible for cytotoxic chemotherapy. Mylotarg®
targets CD33, which has been reported to be expressed on
myeloid blasts of approximately 90% of AML patients (93).
Because CD33 expression is largely restricted to immature
cells of the myelomonocytic lineage and a high percentage of
AML blasts, it is an antigen that is amenable to targeting with
an ADC.

As previously described, the humanized anti-CD33
antibody is conjugated to calicheamicin. The antibody
backbone is of the IgG4 isotype—this isotype was selected
because it exhibits the longest circulating half-life of all
isotypes and does not elicit antibody effector function.
Importantly, the naked antibody is not cytotoxic (94).
Mylotarg® also contains an acid labile hydrazone linker.

To support marketing approval, the FDA mandated
completion of clinical studies in relapsed AML patients as
well as randomized trials comparing Mylotarg® in combina-
tion with conventional chemotherapy versus conventional
chemotherapy alone (95). Mylotarg® was voluntarily with-
drawn from the market by Pfizer in 2010 after the post-
approval trial that was devised to provide confirmatory
evidence of clinical activity did not meet its endpoints. The
S0106 trial conducted by the Southwest Oncology Group
(SWOG) demonstrated that incorporating Mylotarg® to
standard chemotherapy in previously untreated AML pa-
tients ages 18–60 years yielded no survival benefit and elicited
significant toxicity.

What factors contributed to the early success and subsequent
failure of Mylotarg® in clinical trials? What are the lessons
learned from these trials?

As described earlier, one mechanism that is postulated to
have contributed to the limited clinical efficacy of Mylotarg®
is the elevated activity of P-glycoprotein in leukemic blasts.
Interestingly, Walter and colleagues reported that patients
responding to Mylotarg® exhibited significantly lower P-
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glycoprotein activity, namely reduced drug efflux, as com-
pared to patients who did not respond (70). Thus, P-
glycoprotein activity remained significantly associated with
patient outcome. Recent preclinical data also corroborate
these findings as Mylotarg® exhibited reduced cytotoxicity
on cell lines that expressed P-glycoprotein in vitro;
moreover, cells that were persistently exposed to low-
dose Mylotarg® acquired resistance and expressed P-
glycoprotein (96).

It is also hypothesized that the acid labile hydrazone
linker may have been a contributing factor and hence a
liability given its reported short half-life in plasma (97). In the
context of Mylotarg®, a short half-life is likely to exacerbate
toxicity in healthy tissue due to premature release of the
active calicheamicin payload as well as impact potency by
compromising efficient internalization of calicheamicin into
leukemic blasts (98).

An added complication that is likely to have compro-
mised efficacy and contributed to toxicity is the fact that
Mylotarg® is a heterogeneous mixture of 50% conjugated
antibody, with 0 to 8 calicheamicin moieties per IgG molecule
with an average of 2 or 3, and 50% unconjugated material
(95).

As highlighted above, significant toxicity was a key factor
in the voluntary withdrawal of Mylotarg®. One of the safety
concerns noted has centered on the reported symptoms of
hepatotoxicity following administration with Mylotarg®. As a
case in point, sinusoidal obstructive syndrome (SOS) or
hepatic veno-occlusive disease (VOD), has been described
and is a significant toxicity induced by Mylotarg® (99). In
addition, a significant proportion of patients were reported to
experience Grade 3 or 4 hyperbilirubinemia and Grade 3 or 4
alanine transaminase (ALT) level abnormalities (100).
Deaths were also reported and associated with liver failure
following treatment with Mylotarg®.

The exact cause of the liver-associated findings remains
to be determined. However, it has been hypothesized that the
toxicities associated with Mylotarg® treatment may relate to
metabolism of unconjugated calicheamicin, leading to tissue
damage, infiltration of leukemic blasts into the liver or non-
specific uptake of the antibody drug conjugate by Kupffer
cells (99–102). Interestingly, one recent report demonstrated
that Kupffer cells and hepatocytes in the liver from a healthy
individual highly express CD33, suggesting that the liver
toxicities in AML patients following treatment with
Mylotarg® may be directly related to antigen target expres-
sion in this tissue (102).

Despite the above factors, the most compelling data to
support the utility of Mylotarg® is for the treatment of acute
promyelocytic leukemia (APL), a subtype of AML; responses
to Mylotarg® in this patient population have been promising.
It is hypothesized that this clinical activity is due to the high
and homogenous expression of CD33 on APL blasts and very
low expression levels of P-glycoprotein (103,104).

In addition, subsequent to the withdrawal of Mylotarg®,
emerging evidence indicates that other subsets of AML
patients may benefit from the addition of this agent to
conventional chemotherapy. Certain AML subtypes, namely
patients with favorable risk cytogenetics, appear to benefit
from Mylotarg®, while patients with adverse cytogenetics are
highly unlikely to benefit (105,106).

The above learnings have contributed to our under-
standing and ability to develop ADCs with improved
pharmacological properties, reduced toxicity, and enhanced
efficacy. It is also worth noting that the lessons learned from
Mylotarg® have been incorporated into the development and
design of next-generation ADCs. The experience with
Mylotarg® has fostered improvements in linker, payload,
and conjugation technologies, as previously described in this
review.

An additional lesson in the case of Mylotarg® is the
importance of devising a robust patient stratification strategy.
Moving forward, given that AML is a heterogeneous disease,
identification of patients with well-defined molecular signa-
tures will be critical to ensure this agent provides clinical
benefit. Further trials to evaluate the optimal patient popu-
lation(s) are warranted.

FUTURE DIRECTIONS

The recent FDA approvals of Adcetris® and Kadcyla®
signify a new paradigm in cancer therapy. Despite these
recent successes, the quest to develop improved linkers and
payloads for ADCs will no doubt continue. Advances in
linker and conjugation technologies should also yield ADCs
with improved properties, ultimately yielding enhanced
efficacy and safety profiles. ADCs that also employ effector
function enhancement technologies hold tremendous promise
in eliciting robust secondary immune responses in cancer
patients and may ultimately elicit more durable remissions in
the clinic. Efforts will also undoubtedly focus on identifying
and targeting novel antigens, with the potential to treat not
only malignancies but disease indications outside of oncology.

In the context of oncology, evaluation of combination
therapies involving ADCs and other anti-neoplastic agents
will continue to be explored and investigated. Combination
therapies with recently FDA approved antibody checkpoint
inhibitors (e.g., Yervoy®, Keytruda®) may hold tremendous
promise in eliciting not only cellular cytotoxicity but also the
ability to simultaneously elicit robust anti-tumor immune
responses.

ADCs also hold tremendous potential to treat diseases
outside of oncology. For example, this class of agents can be
exploited to treat autoimmune diseases by targeting specific
cell types to selectively suppress immune responses. Valida-
tion of this approach is evidenced by emerging clinical trial
data with Ontak® (denileukin diftitox), a fusion protein
combining IL-2 and diphtheria toxin. While this drug
conjugate was originally approved by the FDA in 1999 for
the treatment of cutaneous T cell lymphoma (CTCL),
Ontak® has been evaluated in a variety of non-malignant
disorders to ablate activated T lymphocytes with encouraging
results (107,108). With the dramatic progress in linker,
payload, and conjugation technologies since the original
development of Ontak®, the potential remains to further
improve the therapeutic window of ADCs for non-malignant
disorders.

Moving forward, as ADCs become more broadly
employed as therapeutic agents, the learnings from drug
discovery efforts will enable the scientific community at large
to further refine preclinical models. Moreover, as this field
continues to mature, preclinical considerations will continue
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to be shaped and revised, with the expectation that more
predictive tools will emerge and ultimately improve the
likelihood of success in the clinic.
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