BioDrugs (2014) 28:253-263
DOI 10.1007/s40259-014-0085-2

REVIEW ARTICLE

Management of Metastatic Breast Cancer with Second-
Generation Antibody—-Drug Conjugates: Focus
on Glembatumumab Vedotin (CDX-011, CR011-vcMMAE)

Christos Vaklavas + Andres Forero

Published online: 5 February 2014
© Springer International Publishing Switzerland 2014

Abstract Exploiting the highly targeted nature of
monoclonal antibodies to deliver selectively to tumor cells
a cytotoxic payload is an attractive concept and the suc-
cessful precedents of the recent past set the stage for
broader applications in the future. Antibody—drug conju-
gates may currently hold an unprecedented potential,;
however, there are multiple unique challenges in their
development, and the recent successes have come hand in
hand with significant technologic advances in their chem-
istry and manufacturing. Over the years, multiple factors
have been identified to affect the pharmacokinetic and
pharmacodynamic properties of an antibody—drug conju-
gate, but many important details remain to be further
investigated. These factors pertain to the target antigen,
antibody, conjugate, linker, as well as the nature of the
malignancy under treatment. Glembatumumab vedotin is
an antibody—drug conjugate targeting glycoprotein non-
metastatic B (GPNMB) expressed in multiple malignan-
cies, including breast cancer. The expression of this protein
has been associated with an aggressive malignant pheno-
type, invasive growth, angiogenesis, and generation of
skeletal metastases. Glembatumumab vedotin is currently
in early stages of clinical development in melanoma and
breast cancer. Although in unselected patients with meta-
static breast cancer glembatumumab vedotin was not
superior to other agents, by virtue of its target being fre-
quently and highly expressed in triple-negative breast
cancer, its activity was particularly promising in this subset
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of patients. Results from the clinical studies in breast
cancer as well as companion studies in melanoma indicate
that a biomarker-informed approach is the optimal pathway
for the future development of this drug.

Abbreviations

ADAMI10 A disintegrin and metalloproteinase 10
ADC Antibody drug conjugate

CDX-011 or Glembatumumab vedotin
CRO11-veMMAE

CHO Chinese Hamster Ovary

CMC-544 Inotuzumab ozogamicin

DC-HIL (GPNMB)

GPNMB
GPNMB-ECD
HGFIN (GPNMB)

Dendritic cell - heparin integrin
ligand

Glycoprotein Nonmetastatic B
GPNMB extracellular domain
Hematopoietic growth factor
inducible neurokinin-1 type

Ig Immunoglobulin

MITF Microphthalmia transcription factor

MMAE Monomethylauristatin E

MMP-3 Matrix metalloproteinase 3

sRANKL Soluble receptor activator of NF-kB
ligand

TGF-B Transforming growth factor beta

VEGF Vascular endothelial growth factor

1 Introduction

Monoclonal antibodies epitomize the targeted nature of
contemporary cancer therapeutics and, since their intro-
duction in clinical practice, the outlook of multiple
malignancies has improved significantly. The concept of
capitalizing on their highly targeted nature to deliver
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selectively to the tumor cells a deleterious cargo is very
appealing, and the successful precedents of the recent past
[1, 2] set the stage for broader applications of this concept
in the future. However, it should be recognized that
developing antibody—drug conjugates (ADC) has proven to
be a considerably challenging endeavor, and the recent
successes have come after a series of failures and hand in
hand with significant advances in the technology of ADC
manufacturing and pharmacology [3].

The first step in developing an ADC is the identification
and careful selection of a surface antigen, which is pref-
erentially expressed on malignant cells [3]. Along these
lines, glycoprotein non-metastatic B (GPNMB) has been
recognized as a potential therapeutic target in breast cancer
[4-6]; preclinical studies have shown an association
between GPNMB expression and clinical outcomes [5] and
placed GPNMB along the operational pathways that pro-
mote the generation of skeletal metastases [6]. In early-
phase clinical studies, glembatumumab vedotin has shown
promising activity particularly in triple-negative breast
cancer, an aggressive malignancy where rational therapies
are direly needed. Along with the fact that GPNMB is
expressed in many other malignancies (melanoma [7-10],
hepatocellular carcinoma [11], glioblastoma [12-14],
small-cell lung cancer [15]) that are inadequately addressed
with contemporary therapeutics, glembatumumab vedotin
holds significant promise.

This review provides a brief outline of the underlying
principles of ADC therapeutics in cancer and the potential
benefits it may offer over conventional therapy. We focus
on a critical analysis of efficacy outcomes of gle-
mbatumumab vedotin in metastatic breast cancer, high-
lighting the progress made and the future challenges.

2 The Multifaceted Challenges of Antibody—Drug
Conjugates

Although the concept of ADCs is seemingly simple and not
new, there are multiple and unique challenges in the
development and manufacturing of ADCs [3].

2.1 Selection of Target

As with naked monoclonal antibodies, the target should be
selectively and highly expressed in malignant cells with
little or no expression on normal tissues. Virtually all tar-
gets of contemporary passive immunotherapy are also
expressed in normal tissues, leading to adverse events that
may compromise the therapeutic window of monoclonal
antibodies. In the case of ADCs, whereby, besides the
immune-mediated effector functions triggered by the
monoclonal antibody there is also direct cytotoxicity from
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the highly deleterious conjugate, these adverse events may
be even more pronounced, emphasizing the importance of
careful target selection. On the other hand though, the
surface antigen does not necessarily have to be along a
pathogenetic pathway activated or upregulated in malig-
nant cells. Recognizing that, in cancer cells, multiple driver
or compensatory pathways may be operational, maintain-
ing the malignant phenotype, the fact that ADCs bypass
these interconnected molecular networks and exert a direct
cytotoxic effect may constitute a long sought-after virtue in
clinical practice, especially in the treatment of advanced,
genetically heterogeneous malignancies.

The challenge though is that, inherent to the mechanism of
action of ADCs, the target antigen on the surface of the
cancer cell needs to be internalized to allow the conditional
release of the conjugate. Target expression does not neces-
sarily imply internalization and, although the same target
antigen may be expressed in diverse malignancies, it may not
be internalized with the same efficiency. Internalization
kinetics may also be influenced by the binding epitope and
affinity of the monoclonal antibody [16] or expression of
other surface molecules, as has been shown to be the case
with the internalization of a maytansinoid-based anti-CD19
ADC, which correlated negatively with CD21 expression
levels [17]. Variations in target expression and internaliza-
tion kinetics may account at least in part for the diversities in
the activity of an ADC across malignancies that share the
same target antigen. This can be illustrated with the example
of inotuzumab ozogamicin (CMC-544), a humanized anti-
CD22 antibody conjugated to calicheamicin [18]. In the
phase I study that established the maximum tolerated dose of
inotuzumab ozogamicin, patients with diverse CD22+
B-cell lymphomas were enrolled. At the same dose level, the
response rates in follicular lymphoma and diffuse large
B-cell lymphoma were 68 % and 15 %, respectively [18].

Exceptions to the internalization requirement do exist and
are illustrated with the example of the investigational cali-
cheamicin-conjugated rituximab [19]. The ADC demon-
strated superior antitumor activity in xenograft models of
B-cell lymphoma as compared with the parent naked
monoclonal antibody, rituximab, despite the fact that the
target (CD20) has been shown to accumulate in lipid rafts
from where it is very poorly internalized. The superiority in
antitumor activity has been shown only when the toxic
conjugate was appended to the antibody via an acid-labile (as
opposed to an acid-stable) linker, suggesting that it is the
release of the conjugate under the acidic tumor microenvi-
ronmental conditions that accounts for this superiority [19].

2.2 Selection of the Conjugate

In principle, ADCs act by binding to the respective cell
surface antigen and releasing their deleterious cargo by
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Fig. 1 There are multiple steps
between administration of the
ADC and final intracellular
release of the active conjugate:
a biodistribution of the drug and
actual delivery to the tumor,

b ADC-antigen binding
efficiency, ¢ rate of ADC-
antigen complex internalization,
d efficiency of proteolytic
cleavage of the conjugate,

e fraction of conjugate leaving
the lysosome intact, f fraction of
conjugate binding to the
intracellular target.
Inefficiencies along those steps
lead to final intracellular release
of only a small fraction of the
conjugate administered. ADC
antibody—drug conjugate, Lys
lysosome

proteolytic cleavage upon internalization of the ADC-
antigen complex and fusion with a lysosome. There are
multiplicative inefficiencies in the steps between adminis-
tration of the drug and final intracellular release of the
conjugate. These steps are illustrated in Fig. 1 and involve
biodistribution of the drug and actual delivery to the tumor,
ADC-antigen binding efficiency, rate of ADC-antigen
complex internalization, efficiency of proteolytic cleavage
of the conjugate, fraction of conjugate leaving the lyso-
some intact, fraction of conjugate binding to the intracel-
lular target, which may be variably present. In the case of
glembatumumab vedotin, the intracellular target is the
mitotic spindle, implying that the cancer cell must be
actively dividing for the conjugate to exert its antitumor
activity. These inefficiencies account at least in part for the
lack of potency of the early ADCs that employed common
chemotherapeutic agents such as doxorubicin [20], vin-
blastine [21], and methotrexate [3, 22]. To this end, the
need for an exquisitely potent cytotoxic agent as a conju-
gate amenable to attachment to an antibody, revived the
interest in auristatins [23] and maytansinoid analogs, as
well as calicheamicin, for all of which clinical develop-
ment stopped many years ago because of their narrow
therapeutic window. Targeted delivery of these compounds
to the tumor cells by appending them to an antibody has
resulted in a significant improvement in their therapeutic
index [3]. The improvement in the therapeutic index can be
illustrated with the example of brentuximab vedotin, which
employs the same conjugate as glembatumumab vedotin:
while the ADC produced durable remissions in xenograft
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models of Hodgkin lymphoma and anaplastic large-cell
lymphoma, little or no activity was seen with the admin-
istration of doses ten times the molar equivalent of free
(unbound) conjugate [24].

2.3 Selection of the Appropriate Linker

The linker is a short spacer that connects the conjugate to
the antibody [3]. The ideal linker should hold stably the
conjugate to the antibody in the circulation and allow its
conditional release in the intracellular milieu of the cancer
cell. An unstable linker may result in compositional het-
erogeneity and a narrow therapeutic index of the respective
ADC as increased fractions of unconjugated monoclonal
antibody compromise the potency of the drug while
increased levels of unbound cytotoxic conjugate result in
non-selective cytotoxicity [23]. Advances in linker tech-
nology have been pivotal in the development of ADCs
[23]. Several types of linkers are currently in use, including
(1) disulfide-containing linkers (which rely on the signifi-
cantly higher concentration of thiols in the intracellular as
opposed to the extracellular environment to cleave their
disulfide bonds); (ii) acid-cleavable hydrazine linkers; (iii)
peptide-based linkers (which rely on the activity of lyso-
somal, endosomal, and possibly cytoplasmic proteases);
and (iv) non-cleavable linkers (whereby the release of the
cytotoxic moiety relies on the proteolytic degradation of
the antibody moiety of the ADC). During the drug-devel-
opment process, multiple linkers will be evaluated for a
specific ADC [3] as they may affect the pharmacokinetic
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and pharmacodynamic properties of the compound [25—
27]. The effect of the linker in pharmacokinetic and
pharmacodynamic properties of the ADC can be illustrated
with the example of trastuzumab—emtansine: trastuzumab
linked to maytansinoid through a non-reducible thioether
linker displayed superior activity than the same ADC but
with disulfide linkers [27]. At the pharmacokinetic level,
disulfide-linked trastuzumab—emtansine was shown to be
more rapidly cleared and have a shorter terminal half-life
than its thioether-linked counterpart [25].

2.4 Manufacturing and Quality Control

Erratic conjugate binding may distort the affinity of the
monoclonal antibody, and variations in the anti-
body:conjugate stoichiometry result in compositional
heterogeneity and inconsistency. Overconjugated com-
pounds may have altered target antigen-binding affinities
and significantly shortened plasma half-lives, while un-
derconjugated compounds are ineffective [3]. To this end,
the development of a method to modify cysteine residues
for site- and stoichiometry-specific conjugation [28, 29]
has been integral in optimizing the efficacy, safety, and
manufacturing process of ADCs. The implications in
terms of quality control are assurance of product homo-
geneity and maintenance of batch-to-batch consistency
[3]. The effect of antibody:conjugate stoichiometry has
been investigated in vivo with an antiCD30-[30] and an
antiCD70 ADC [31], both conjugated with auristatin
derivatives. In the first study, an increase in potency
directly proportional to conjugate loading was observed.
In parallel, with the higher antibody:conjugate stoichi-
ometry, there was an attendant decrease in the maximum
tolerated dose and an accelerated clearance of the ADC
[30]. Although it is anticipated that adding more conju-
gates to the antibody results in the generation of a bulkier
ADC and may adversely affect its binding affinity to the
target antigen, no such measurable impact was observed
[30]. In the second study, on the other hand, the clearance
of the compound was not significantly affected when the
ADC was loaded with eight, as opposed to four, conju-
gates [31]. Further, with the addition of another four
conjugates to the ADC, no significant increase in the
potency of the drug was observed [31].

Collectively, with the hurdles of chemistry and manu-
facturing to a large extent addressed, ADCs currently hold
an unprecedented potential in cancer therapeutics. The
example of trastuzumab—emtansine [1, 27, 29, 32] illus-
trates a case of an ADC whereby the activity of the parent
monoclonal antibody was significantly enhanced when its
target antigen is still expressed but the cancer cells have
become resistant to its blockade. Along these lines, it is
anticipated in the near future to see many ADC versions of
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existent monoclonal antibodies entering the clinical arena,
whereby the efficacy of the parent compound is restored or
significantly enhanced. More intriguingly though, the
precedent of brentuximab vedotin whose parent monoclo-
nal antibody was only moderately active [2, 33] will spark
the interest to pharmacologically explore multiple new
targets and exploit the tumor-targeting specificity of novel
or existent monoclonal antibodies to deliver cytotoxic
compounds selectively to cancer cells.

3 Description of the Compound

The backbone of glembatumumab vedotin (CDX-011,
CRO11-veMMAE) is a fully human immunoglobin (Ig)-
G, monoclonal antibody (CRO11) against the extracellular
domain of GPNMB. The tubulin-binding cytotoxic com-
pound monomethylauristatin E (MMAE) is appended to
the parent antibody via a valine-citrulline (vc) linker,
cleavable by cathepsin B as well as perhaps other lyso-
somal cysteine proteases; and p-aminobenzoic acid
spacer. The average MMAE:CR0O11 molar ratio is
approximately 4.5:1, namely, on average, 4 or 5 MMAE
molecules are bound to a single antibody (Fig. 2). Its
mechanism of action involves binding to the GPNMB
expressed on tumor cells, internalization, fusion of the
vesicle with a lysosome, proteolytic cleavage, and intra-
cytoplasmic release of MMAE.

3.1 CRO11, the Parent Monoclonal Antibody

CRO11 was generated in XenoMouse strains via immuni-
zation with the recombinant extracellular domain of the
human GPNMB (amino acids 23-480) [9]. The Xeno-
Mouse strains are genetically engineered mice without
endogenous antibody production, in which the human
heavy and kappa light chain immunoglobulin loci have
been engrafted [34]. The engrafted immunoglobulin loci
recapitulate all the genetic events (somatic hypermutation,
rearrangement, and assembly) that occur in humans and
lead to antibody generation. Accordingly, these mice with
humanized humoral immune systems are able to produce
high-affinity fully human antibodies to multiple antigens,
including human proteins [34]. B-lymphocytes from
immunized XenoMouse strains are subsequently fused with
mouse myeloma cells, yielding a panel of hybridomas [35].
In the case of CRO11, the generated cell lines were sub-
sequently screened for reactivity with the extracellular
domain of human GPNMB by means of enzyme-linked
immunosorbent assay, and the positive hybridomas were
cloned. The hybridomas selected for further characteriza-
tion and expansion generated a monoclonal antibody with a
dissociation constant of 52 nmol/L for the purified
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Fig. 2 Structure of glembatumumab vedotin (MMAE:CRO11 stoichiometry 4:1 illustrated). MMAE monomethylauristatin E, PABA

p-aminobenzoic acid spacer

extracellular domain of GPNMB [9]. Currently, the anti-
body is manufactured in Chinese Hamster Ovary (CHO)
cell culture. CHO strains can be genetically engineered to
produce high levels of recombinant human proteins by
gene targeting [36].

3.2 Monomethylauristatin E, the Conjugate

In the initial experiments with CRO11, melanoma cell lines
that were positive for GPNMB transcript expression
showed surface staining with the monoclonal IgG, GRO11
antibody of at least 1.5 times higher than control IgG,
antibody [9]. However, as the monoclonal antibody did not
by itself inhibit melanoma cell growth, the ADC CRO11-
vcMMAE was generated to combine the tumor-targeting
specificity of CRO11 with the cytotoxic activity of MMAE
[9].

MMAE is a synthetic derivative of dolastatin 10, a
natural cytostatic pseudopeptide originally isolated from
the marine mollusk Dorabella auricularia [37]. MMAE
exerts its potent cytostatic effect by inhibiting microtubule
assembly and polymerization. MMAE by itself has potent
antitumor activity in vivo [16, 24], but its clinical devel-
opment ceased in 2000 [38, 39]. In the original study, the
conjugation of MMAE to the monoclonal antibody CRO11
significantly enhanced the inhibitory effect of the latter on
GPNMB-expressing melanoma cell lines: while the naked
antibody did not inhibit the growth of GPNMB-expressing
melanoma cells, its ADC counterpart blocked their growth
with a half-maximal inhibitory concentration (ICsg) at the
range of 216-300 ng/mL [9].

4 Glycoprotein Nonmetastatic B (GPNMB)
as a Rational Target in Cancer Therapeutics

Glembatumumab vedotin is directed against GPNMB, also
known as osteoactivin, dendritic cell — heparin integrin
ligand (DC-HIL), or hematopoietic growth factor inducible
neurokinin-1 type (HGFIN). GPNMB maps on chromo-
some 7pl5.1 and was initially identified as a gene that was
differentially expressed among melanoma cell lines with
high and low metastatic potential [40]. The encoded
protein is a type I transmembrane protein, which shows
closest homology (by 26 % amino acid sequence) to the
melanocyte/melanoma-specific protein pMEL17 [40]. In
sequencing and cloning the extracellular domain of
GPNMB, two alternative splice variants of the protein were
identified [9]. The length of the protein is 560 or 572 amino
acids depending on the splice variant; the longer variant
contains an in-frame 12 amino acid insertion within the
extracellular domain.

4.1 Structure of GPNMB

By homology modeling, GPNMB is predicted to consist of
several domains (Fig. 3) [41]. The extracellular domain of
GPNMB contains a putative heparin-binding site, many
N-glycosylation sites, a signaling (SIG) domain, an Arg-
Gly-Asp (RGD) motif embedded in the N-terminal domain,
a GAPI and GAP2 domain separated by a kringle-like
(KRG) domain, and a polycystic kidney disease (PKD)
domain, which can fold into an immunoglobulin-like ter-
tiary structure [41, 42]. At the N-glycosylation sites, an

A\ Adis



258

C. Vaklavas, A. Forero

PKD domain is

responsible for KRG domain is
SIG determines the interaction between thought to be
entry of GPNMB into the GPNMB on APCs involved in protein- Transmembrane
the secretory pathway and syndecan-4 on protein interactions Domain
activated T-cells
1 (22 240 328 403 455 475 | 496
NH.: GAPI GAP2 TM {@&1§3 COOH
RGD —
339 340
RGD motif is responsible CATTLKSYDSNTP...
for integrin mediated cell Alternative Isoform
adhesion
Extracellular Domain G

Fig. 3 Structure of glycoprotein non-metastatic B (GPNMB) [41].
The extracellular domain of the GPNMB contains a signaling (SIG)
domain, an Arg-Gly-Asp (RGD) motif, a GAP1 and GAP2 domain
separated by a kringle-like (KRG) domain, and a polycystic kidney
disease (PKD) domain. The SIG domain is a signal peptide thought to
determine the entry of GPNMB into the secretory pathway [41]. The

N-glycan is linked to an asparagine residue, a process that
takes place as the protein passes through the endoplasmic
reticulum and the Golgi apparatus. GPNMB is a highly
N-glycosylated protein and the attached carbohydrates play
an essential role in modulating protein stability, confor-
mation, and interactions with other proteins. The SIG
domain is a signal peptide thought to determine the entry of
GPNMB into the secretory pathway [41]. The RGD motif
is responsible for integrin-mediated cell adhesion. It
mediates the adhesion of melanocytes with keratinocytes
[43] as well as the adhesion of endothelial cells through
recognition of heparan sulfate proteoglycans on the cell
surface of the latter [44]. The KRG domain is a triple
disulfide-linked autonomous structural domain thought to
be involved in protein—protein interactions [41]. Lastly, the
PKD domain mediates the interaction between the GPNMB
expressed on antigen-presenting cells and syndecan-4
expressed on activated T cells [45]. The result of this
interaction is attenuation of T-cell activation, suppression
of interleukin 2 secretion, and T-cell proliferation arrest
[42].

An interesting phenomenon observed in transmembrane
proteins, including GPNMB, is the ectodomain shedding,
i.e. the release in the extracellular milieu of the extracel-
lular domain of the protein. Although initially believed to
be a purely cell surface event, there is increasing evidence
that ectodomain cleavage can also occur in the intracellular
compartments [41]. In the case of GPNMB, the mecha-
nisms that regulate its ectodomain shedding are largely
unknown [41]. However, a disintegrin and metallopro-
teinase 10 (ADAMI10) has been implicated in mediating
GPNMB ectodomain cleavage [4]. Also, the GPNMB
protein destined for ectodomain shedding was shown to
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Cytoplasmic Domain

RGD motif is responsible for integrin-mediated cell adhesion. The
KRG domain is thought to be involved in protein—protein interactions
[41]. The PKD domain mediates the interaction between the GPNMB
expressed on antigen-presenting cells (APCs) and syndecan-4
expressed on activated T cells [45]

undergo different post-translational processing, even
though all GPNMB forms are eventually trafficked to the
plasma membrane [41]. It has been postulated that
GPNMB ectodomain shedding may compromise the effi-
cacy of glembatumumab vedotin, as shed GPNMB extra-
cellular domain (GPNMB-ECD) may act as decoy,
attenuating the binding of the drug on malignant cells [4].
Still, as outlined below, shed GPNMB-ECD is an active
molecule in cancer as it recruits endothelial cells and
upregulates matrix metalloproteinase (MMP)- 3 expres-
sion, thereby promoting angiogenesis and formation of
osteolytic metastases, respectively [4, 44].

4.2 GPNMB in Normal Tissues

GPNMB is normally expressed in various tissues such as
bone, hematopoietic system, and skin [4].

In the skeletal system, GPNMB was shown to play a role
in the differentiation and activity of both osteoclasts [46]
and osteoblasts [47-49]. Experiments in murine osteoclasts
have shown that GPNMB expression is highly induced
during maturation [50], is primarily involved in the late
(rather than early) osteoclast differentiation process [46],
and the expression of the gene is regulated by the
microphthalmia transcription factor (MITF) [50]. Com-
parative microarray analyses in murine osteoclasts have
also shown that GPNMB expression was significantly
upregulated by the soluble receptor activator of nuclear
factor (NF)-kB ligand (SRANKL) [46]. It has been
hypothesized that GPNMB mediates RANKL-dependent
fusion and/or spreading of osteoclasts [46]. It is known
that many processes induced by RANKL, such as osteo-
clast differentiation, adhesion, spreading, cytoskeletal
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reorganization, and resorption activity are mediated at least
in part, by integrins. The mechanistic basis for the above
hypothesis is provided by the observation that GPNMB,
possibly interacting with integrins via its RGD motif and
thus functioning as a co-integrin receptor, coimmunopre-
cipitated with integrins B; and PBs [46]. In osteoblasts,
GPNMB was shown to mediate the effects of bone mor-
phogenetic protein 2, a secreted growth factor that belongs
to the transforming growth factor (TGF)-B superfamily,
with diverse properties including osteoblast differentiation
and maturation [47]. GPNMB acts downstream of bone
morphogenetic protein 2 and stimulates osteoblast differ-
entiation markers, including alkaline phosphatase activity,
nodule formation, osteocalcin production, and matrix
mineralization, without affecting cell proliferation or via-
bility [47, 49].

In the hematopoietic system, GPNMB is expressed in
dendritic cells and macrophages [4]. In macrophages,
GPNMB expression is strongly upregulated during differ-
entiation [51]. In addition, macrophage activation with
interferon-gamma and lipopolysaccharide results in trans-
location of GPNMB from the Golgi apparatus to the
periphery [51]. Further experiments in mice have shown
that GPNMB is a negative regulator of macrophage
inflammatory responses [51]. The interaction between
GPNMB expressed on macrophages and dendritic cells
(both potent antigen-presenting cells) through its PKD
domain with syndecan-4 expressed on T cells explains the
attenuated T-cell mediated inflammatory response [42, 45,
52].

Lastly, in the skin, GPNMB is expressed on epidermal
Langerhans cells (which are a form of immature dendritic
cells) [52] and melanocytes, where the protein can be
found in melanosomes [41]. In the skin, GPNMB expres-
sion is relatively specific to melanocytes and was found to
be relatively stronger in unpigmented or lightly pigmented
melanocytes [41].

4.3 GPNMB in Breast Cancer

In breast cancer, GPNMB expression was shown to play a
significant role in three major cancer-related processes:
generation of skeletal metastases [5, 6], invasive growth
[5], and angiogenesis [4]. Gene expression profiling studies
identified GPNMB as a candidate gene that is highly and
selectively expressed in breast cancer cells aggressively
metastatic to the skeleton [6]. It has been hypothesized that
expression of GPNMB, a gene normally expressed pri-
marily in osteoclasts and osteoblasts, confers osteomimetic
properties to breast cancer cells, thereby promoting their
metastatic outgrowth in the skeletal microenvironment.
GPNMB can induce the expression of MMP-3 in breast
cancer cells as well as cells of the tumor microenvironment

by ectodomain shedding [6]. MMP-3 in turn can cleave and
solubilize RANKL [53], a key mediator of osteoclasto-
genesis [6], thereby giving rise to osteolytic metastases.
Furthermore, the osteoclastogenic properties of RANKL
are mediated at least in part by the GPNMB expressed on
the surface of osteoclasts [46].

Analyses of gene expression datasets have identified a
correlation between high GPNMB expression and features
that have been associated with an aggressive phenotype,
such as estrogen-receptor negative status, increasing grade,
and p53 mutational status [6]. Clinically, studies on human
samples have shown that tumor GPNMB expression as
assessed by immunohistochemistry is associated with
worse outcomes [5]. Experiments in breast cancer cell lines
where ectopic GPNMB expression was shown to confer an
invasive phenotype provide the biologic background for
this observation. GPNMB expression may be identified in
the stroma as well but the clinical implications of stromal
GPNMB expression are not entirely clear [5].

Lastly, GPNMB in breast cancer can promote tumor
angiogenesis by two interconnected mechanisms: upregu-
lation of stromal vascular endothelial growth factor
(VEGF) expression and chemoattraction of endothelial
cells by GPNMB ectodomain shedding [4]. This chem-
oattraction may be mediated by the interaction between the
RGD motif of the shed GPNMB-ECD and the integrins or
heparan sulfate proteoglycans on the surface of endothelial
cells [4, 44]. Clinically, an association between upregulated
GPNMB expression and increased microvascular density
has been observed, corroborating these experimental find-
ings [4].

5 Clinical trials with Glembatumumab Vedotin
in Breast Cancer

Two studies with glembatumumab vedotin have been
completed in breast cancer, a phase I/Il (NCT00704158
[54, 55]) and a phase II (NCT01156753 [56, 57]) study,
both conducted in women with locally advanced or meta-
static disease (Table 1).

The first study consisted of a phase I and a phase II
component and, collectively, a total of 42 women were
treated with the investigational agent (NCT00704158 [54,
55]). The starting dose in the phase I component was
1.34 mg/kg based on a prior phase I/II study conducted in
patients with unresectable stage III or IV melanoma [58].
Due to worsening pre-existing neuropathy, the protocol had
to be amended to exclude patients with baseline neuropathy
grade 2 or worse (according to the National Cancer Insti-
tute Common Terminology Criteria for Adverse Events
version 3 [59]). It should be noted that neuropathy has been
also a common adverse event with brentuximab vedotin
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Table 1 Overview of the clinical trials with glembatumumab vedotin (CDX-011, CRO11-vcMMAE) in breast cancer

Author (phase) N Dose Mean number ~ Response Notes
of cycles
Burris et al. (I/IT) 42 1-1.88 mg/kg 3.5 PR 13 % 35 % achieved a PFS >12 weeks
[54, 551 Q3w SD 56 % Median PFS 9.1 weeks
Yardley et al. 122 1.88 mg/kg 2 PR 16 % (CDX-011)  Median PFS 2.1 (CDX-011)
(RCT, II) [56, 57] CDX-011: PBw vs. 14 % (control) vs. 2 (control) months
96 (15 crossover) SD or better Median OS 7.6 (CDX-011)
Control: 41 57 % (CDX-011) vs. 7.4 (control) months

vs. 53 % (control) Significantly better PFS and
OS in high
GPNMB-expressing
TNBC with CDX-011

GPNMB glycoprotein non-metastatic B, OS overall survival, PFS progression-free survival, PR partial response, g3w every 3 weeks, RCT
randomized clinical trial, SD stable disease, TNBC triple-negative breast cancer

[2], which shares MMAE as a conjugate with gle-
mbatumumab vedotin. While the median age and age dis-
tribution was similar between the two studies, the median
number of prior chemotherapy regimens in the study in
breast cancer was seven versus one in its melanoma
counterpart. Dose escalation was resumed at 1 mg/kg and
reached the predefined maximum dose of 1.88 mg/kg
without further dose-limiting toxicities reported. This dose
was further employed in the phase II component of the
study [55].

With a mean number of treatment cycles of 3.5, the most
common adverse events reported with decreasing order of
frequency included fatigue (48 %), rash (45 %), nausea
(45 %), alopecia (33 %), neutropenia (29 %), emesis
(29 %), anemia (24 %), and asthenia (7 %). Despite the
protocol amendment, the incidence of peripheral sensory
neuropathy was 24 %, including one case (2 %) of grade 3.
In interpreting the toxicity profile of glembatumumab
vedotin, one should take into account the fact that all
patients had previously received treatment with a taxane,
while 55 and 40 % of patients had been previously treated
with vinorelbine and an epothilone, respectively. Grade 3
adverse events with decreasing order of frequency included
neutropenia (19 %) and fatigue, rash, nausea, and asthenia
(all 5 %). There was also one case of cutaneous bullae that
led to drug discontinuation. The relationship of this event
with glembatumumab vedotin is unclear; however,
GPNMB is expressed in the skin and rash has been a fre-
quent adverse event seen in the phase I/II study in mela-
noma [58]. In fact, the development of rash with CDX-011
in melanoma correlated significantly with better clinical
outcomes [58].

The primary endpoint of the phase II component of the
study was met, with 35 % of patients having achieved a
progression-free interval longer than 12 weeks [55]. A total
of 13 and 56 % of patients had partial response and stable
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disease, respectively, as their best response. The median
progression-free survival was 9.1 weeks. A theme common
with the study in melanoma was that patients with tumors
expressing higher levels of GPNMB either in the tumor
cells and/or the stroma consistently derived greater clinical
benefit. Although the numbers were small and GPNMB
expression was not analyzed in all patients, the progres-
sion-free survival in patients with GPNMB-expressing
tumors was 18.3 weeks as opposed to 5.9 weeks in patients
with  GPNMB-non-expressing tumors. Intriguingly, the
frequency of GPNMB expression in triple-negative breast
cancer was found to be quite high (71 %) and accordingly,
the progression-free survival in this subset of patients was
17.9 weeks [55, 60].

In the second study, a total of 122 women were ran-
domized in a 2:1 ratio to receive glembatumumab vedotin
or a single-agent chemotherapy selected by the investigator
(NCTO01156753 [56, 57]). GPNMB expression of at least
5 % in the tumor cells or stroma was required for partici-
pation. The median number of prior treatments in the
investigational arm was six, with all patients having
received previously a taxane; 43, 36, and 12 % had also
previously received ixabepilone, vinorelbine, and eribulin,
respectively [56, 57].

A total of 96 patients were treated with glembatumumab
vedotin, including 15 patients from the control arm who
crossed over to the investigational arm upon disease pro-
gression [57]. With a median number of treatment cycles of
two, the most common adverse events reported, with
decreasing order of frequency, were rash (47 %), fatigue
(38 %), nausea (32 %), neutropenia (29 %), alopecia
(25 %), neuropathy (23 %), pruritus (21 %), decreased
appetite (19 %), emesis (18 %), constipation (14 %), and
stomatitis (16 %). Grade 3 adverse events, with decreasing
order of frequency, included neutropenia (16 %), fatigue
(7 %), rash (4 %), peripheral neuropathy and dehydration
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(3 % each), nausea and stomatitis (2 % each). Altogether,
the toxicity profile of glembatumumab vedotin was highly
similar to that reported in the phase I/II study [55]. There
were eight cases (8 %) of drug discontinuation due to
adverse events, including four cases of peripheral neurop-
athy and one case of rash. A diverse panel of treatment
agents was used in the control arm but the most frequent
agent was eribulin (37 %). When the treatment arms are
compared, events of any grade that occurred more fre-
quently in the investigational arm were rash, neuropathy,
pruritus, and alopecia. Neutropenia, constipation, throm-
bocytopenia, and myalgia were more frequent in the con-
trol arm. Events of grade 3 or higher severity that occurred
more frequently in the investigational arm were fatigue and
nausea as opposed to cytopenias, which occurred more
frequently in the control arm [57].

The best tumor response was partial response in 16
versus 14 % in the investigational and control arms,
respectively. However, the difference was more pro-
nounced in triple-negative breast cancer, whereby partial
response was achieved in 19 % of patients in the investi-
gational arm versus none in the control arm. In patients
with triple-negative breast cancer and high GPNMB
expression, the partial response rate was 33 % in the
investigational arm as opposed to none in the control arm.
Similarly, the difference in the progression-free and overall
survival between the two arms analyzed as a whole was not
significant. However, analyzing the results based on breast
cancer subtype and levels of GPNMB expression, in triple-
negative breast cancer with high GPNMB expression, the
comparison significantly favored the investigational arm.
The median progression-free and overall survival was 3
and 10 months, respectively, with glembatumumab vedotin
as opposed to 1.5 and 5.5 months, respectively, with an
agent of investigator’s choice. Both comparisons reached
statistical significance, despite the small numbers.

6 Future Directions

Collectively, based on these early-phase clinical trials,
glembatumumab vedotin has shown significant promise in
the treatment of GPNMB-overexpressing malignancies and
in triple-negative breast cancer in particular. Further clin-
ical investigations are necessary to confirm these encour-
aging results. Its eventual place in the therapeutic
algorithms of breast cancer remains to be determined. A
common theme arising from these early-phase clinical
trials is that the development of glembatumumab vedotin
should tightly incorporate correlative studies focused on
GPNMB expression. This biomarker-informed or even
driven development is the optimal pathway for this prom-
ising agent to consolidate its own niche in the therapeutic

landscape. So far, it has been evaluated as a single agent
and in patients who received multiple prior lines of ther-
apy. As a consequence, its therapeutic potential may be
underestimated. Further knowledge of the biologic func-
tions of GPNMB, its interactions with other proteins, and
the processes in which it is involved, will provide the
foundation of rational combinations of glembatumumab
vedotin with existing or other novel agents in the future.
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