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Abstract
Purpose: Triple-negative breast cancer (TNBC) and ovarian
cancer each comprise heterogeneous tumors, for which current
therapies have little clinical beneﬁt. Novel therapies that target
and eradicate tumor-initiating cells (TIC) are needed to signiﬁcantly improve survival.
Experimental Design: A panel of well-annotated patientderived xenografts (PDX) was established, and surface markers
that enriched for TIC in speciﬁc tumor subtypes were empirically
determined. The TICs were queried for overexpressed antigens,
one of which was selected to be the target of an antibody–drug
conjugate (ADC). The efﬁcacy of the ADC was evaluated in 15
PDX models to generate hypotheses for patient stratiﬁcation.
Results: We herein identiﬁed E-cadherin (CD324) as a surface
antigen able to reproducibly enrich for TIC in well-annotated,
low-passage TNBC and ovarian cancer PDXs. Gene expression

Introduction
One in eight women in the United States will develop breast
cancer–17% of whom will be diagnosed with triple-negative
breast cancer (TNBC) because their tumors lack HER2, estrogen
receptor (ER), and progesterone receptor (PR; ref. 1). TNBC has
deﬁed attempts at targeted therapy, in part because of the absence
of obvious, tractable targets. TNBC has also exhibited inconsistent
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analysis of TIC led to the identiﬁcation of Ephrin-A4 (EFNA4) as a
prospective therapeutic target. An ADC comprising a humanized
anti-EFNA4 monoclonal antibody conjugated to the DNA-damaging agent calicheamicin achieved sustained tumor regressions
in both TNBC and ovarian cancer PDX in vivo. Non-claudin low
TNBC tumors exhibited higher expression and more robust
responses than other breast cancer subtypes, suggesting a speciﬁc
translational application for tumor subclassiﬁcation.
Conclusions: These ﬁndings demonstrate the potential of
PF-06647263 (anti–EFNA4-ADC) as a ﬁrst-in-class compound
designed to eradicate TIC. The use of well-annotated PDX for
drug discovery enabled the identiﬁcation of a novel TIC target,
pharmacologic evaluation of the compound, and translational
studies to inform clinical development. Clin Cancer Res; 21(18);
4165–73. 2015 AACR.

and inadequate responses to chemotherapy and antiangiogenic
agents. As a consequence, there are currently no treatment guidelines for TNBC (2, 3). In ovarian cancer, platinum-based therapy
has provided modest beneﬁt, and the recent approval of bevacizumab marked the ﬁrst improvement in treatment in 15 years
(4–9).
Amassing evidence supports the hypothesis that tumor growth,
resistance to therapy, and disease recurrence are driven by a
subpopulation of tumor cells known as tumor-initiating cells
(TIC). Novel therapies that target and eradicate TIC could significantly improve survival endpoints for patients. The precise identiﬁcation and characterization of TIC have proven difﬁcult, particularly because conventional cancer cell lines do not faithfully
recapitulate intratumoral cellular heterogeneity (10, 11). Solid
tumor cell subpopulations signiﬁcantly enriched for TIC were ﬁrst
identiﬁed in breast cancer; however, the CD44þ/CD24 phenotype used in that study did not enrich TIC in all patient-derived
xenografts (PDX) tumors, as CD24þ cells were tumorigenic in the
T7 PDX (12). Indeed, tumor types deﬁned by tissue of origin
encompass a spectrum of histologic and molecular subtypes,
and one TIC phenotype is not likely to be broadly applicable.
To date, TIC identities have not been speciﬁcally ascribed to
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Translational Relevance
Triple-negative breast cancer (TNBC) has been recalcitrant
to targeted therapies and exhibited inconsistent and inadequate responses to chemotherapy and antiangiogenic agents.
We have identiﬁed a novel tumor antigen, EFNA4, which is
broadly overexpressed in TNBC, as well as ovarian cancer. We
developed an anti-EFNA4 antibody–drug conjugate (ADC)
that achieved sustained tumor regressions in TNBC patientderived xenografts (PDX) and reduced the frequency of tumorinitiating cells, suggesting that the ADC may induce durable
responses in the clinic. Translational studies executed using a
panel of well-annotated PDX tumor models provided additional insight into which subsets of patients are more likely to
respond to the therapy in the clinic. This anti–EFNA4-ADC is
currently in clinical trials informed by the preclinical and
translational research presented here.

disease subtypes, which may explain the discrepant results both
across and within research groups attempting to apply one TIC
phenotype to all subtypes. PDXs have emerged as powerful
preclinical models because, in contrast to cell lines, they maintain
the karyotype, cellular heterogeneity, and architecture of parental
tumors (13, 14). Utilization of well-annotated PDX tumor libraries should also enable the identiﬁcation of TIC in speciﬁc tumor
types, the discovery of therapeutic targets, and the in vivo evaluation of novel compounds while remaining cognizant of the
translational relevance across different tumor subtypes (11, 15).
Ephrin receptors (Eph) comprise the largest family of receptor
tyrosine kinases in the human genome and modulate signaling
pathways that impact cell fate decisions during embryogenesis
and adult tissue homeostasis (16). Reverse signaling to the ligand
(Ephrin)-expressing cell can accompany forward signaling to the
Eph-expressing cell; however, the mechanisms underlying these
signaling cascades remain unclear (17–19). The Ephrin/Eph family is implicated in breast cancer, where expression of several
members inversely correlates with survival (18, 20). These observations, coupled with the established role of Eph signaling in
cancer, have resulted in numerous targeted therapeutics that have
advanced to clinical trials; the majority of which are tyrosine
kinase inhibitors (TKI; refs. 17, 19, 21–23). Vast functional
redundancy within the Ephrin/Eph receptor pathway likely compromises the effect of blocking speciﬁc Ephrin ligands, while panEphrin inhibition is toxic (23). In contrast with TKIs, antibody–
drug conjugates (ADC) are able to speciﬁcally target surface
proteins regardless of their role as ligand or receptor: target
proteins need only to internalize to mediate ADC delivery. The
strategy behind ADCs is to direct the potent activity of a cytotoxic
agent to the appropriate tumor cells by covalently attaching it to a
tumor antigen–speciﬁc mAb (24, 25). Most cytotoxic agents used
as payloads in ADCs are potent microtubule inhibitors or DNAdamaging agents and do not have a therapeutic index when
administered as free drugs (26–29).
Here, we report that CD324 protein expression is associated
with TIC in TNBC and ovarian cancer, and identify EFNA4 as a
novel TIC-associated target. To overcome the general obstacles to
effectively targeting Ephrin ligands, an ADC was generated to
deliver the potent DNA-damaging cytotoxic agent, calicheamicin
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(30–32), speciﬁcally to EFNA4-expressing cells. PF-06647263 is
demonstrated to reduce TIC frequency and induce sustained
tumor regressions in vivo in TNBC and ovarian cancer PDX tumor
models. Translational studies with a well-annotated PDX tumor
bank revealed the molecular subtypes that might be most responsive to PF-06647263, which is currently being evaluated in clinical
trials.

Materials and Methods
PDXs
Following Institutional Review Board approval at the Cooperative Human Tissue Network (CHTN) and National Disease
Research Interchange (NDRI), patients with breast and ovarian
cancer consented to enable live tumor specimen collection. Each
tumor specimen was coated with Matrigel (BD Biosciences) and
implanted into 6- to 10-week-old NOD-scid mice (obtained from
Harlan or Charles River Labs) near the mammary fat pad. Research
animals were housed and handled according to Institutional
Animal Care and Use Committee (IACUC)–approved protocols
and procedures in accordance with American Association for
Laboratory Animal Science recommendations. Each PDX was
authenticated as unique and matching the primary tumor specimen with the Ion AmpliSeq Sample ID Panel (4779790; Life
Technologies; Supplementary Table S1).
Resulting freshly resected xenograft tumors were dissociated to
a single-cell suspension as described previously (12, 33). At each
passage of tumor propagation, human epithelial origin was
conﬁrmed by positive ﬂow cytometry staining using anti-human
ESA (Clone 9C4), and negative staining with anti-mouse CD45
(Clone 30-F11) and anti-mouse H-2Kd (Clone SF1-1.1) antibodies (all from BioLegend). Tumor measurements were recorded
one or two times per week using digital calipers, and tumor
volume was estimated using the equation V ¼ (A  B2)/2, where
A is the long axis and B is the short axis.
In vivo efﬁcacy studies
Cohorts of tumor-bearing mice (140–180 mm3) were randomized into study groups of 6 to 10 based on the number of available
mice. The IDBS electronic notebook statistical package, Biobook,
was used for automated animal randomization. Animals were
dosed by intraperitoneal injection (or intravenously for 144580)
twice a week for 4 cycles with ADC, or once a week for 2 cycles
with 1.5 mg/kg doxorubicin for breast PDX tumors or 5 mg/kg
Cisplatin for ovarian PDX. Study groups were followed until either
individual mice or entire cohort measurements reached 1,200 mm3
, at which point sacriﬁce was indicated in accordance with approved
IACUC protocols. Tumor regression was deﬁned as a reduction in
mean tumor volume after dosing. In cases where tumors regressed,
time to progression (TTP) was determined to be the number of days
between the ﬁrst dose and the time at which mean tumor volume
signiﬁcantly increased (regrew) after regression.
TIC frequency assay
PDX tumor–bearing mice were treated with PF-06647263 or
control ADC, and tumors were harvested at day 21 (BR13) or day
12 (BR22) after the ﬁrst dose, based on when tumors were starting
to regress. Tumors were harvested, dissociated, and stained as
described above. Three tumors per treatment group were pooled,
and live human tumor cells (murine Lineage ESAþ) were isolated by FACS, counted, and implanted into na€ve animals in
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limiting dilution (8–10 animals per group). Mice bearing tumors
that exceeded 200 mm3 were scored as positive. Poisson distribution statistics were generated by L-Calc software (Stem Cell
Technologies).
Additional Materials and Methods are available in Supplementary Information.

Results
TNBC TICs are signiﬁcantly enriched among CD324þ cells
To expedite the discovery and development of breast cancer
therapeutics while remaining cognizant of disease subtype, we
established a PDX tumor bank from 13 TNBC patients; 10 were
the non-Claudin low molecular subtype and 3 were Claudin-low
(34, 35). Upon careful phenotypic proﬁling of CD24, a marker
thought to demarcate TIC in breast cancer (12), it became apparent that TNBC PDX tumor cells uniformly expressed the antigen
(Fig. 1A and B), and thus it would not add utility for TIC
enrichment. In contrast, phenotypic proﬁling of dissociated
tumor cells identiﬁed E-cadherin (CD324) as heterogeneously
expressed (Fig. 1B). Isolation and transplantation of cells based
on their differential expression of CD324 demonstrated that only
CD324þ cells, but not their CD324 counterparts, were able to
efﬁciently perpetuate tumors that replicated the phenotypic heterogeneity of their parental tumors (Fig. 1C and D) and could be
serially transplanted. Importantly, fully heterogeneous tumors
were initiated with as few as 50 implanted cells, whereas TIC
frequency within the CD324 subpopulation was within error of
the false positive expectation resulting from a 0.5% cell impurity
proﬁle of isolated cells (Supplementary Table S2). The above
agnostic and empirical approach to determine TIC markers based
on in vivo tumorigenicity revealed that the conventional TIC
phenotype CD44þ CD24 was not applicable in this subtype of
breast cancer, since all tumor cells were CD24þ, and that CD324
effectively enriched TIC in TNBC.
EFNA4 is elevated in non-Claudin low TNBC TIC
Leveraging the above enrichment of TNBC TIC, whole transcriptome sequencing was performed using isolated CD324þ
TIC and CD324 nontumorigenic (NTG) cells from seven
breast PDX tumor models of various subtypes, including Claudin low (CL) and non-Claudin low (non-CL) TNBC. Notably,
EFNA4 expression was identiﬁed as elevated in TIC versus both
NTG cells and normal tissues (Figs. 2A and B), and further
validated by qRT-PCR in those samples submitted for whole
transcriptome sequencing, and separately in TIC and NTG cell
populations isolated from additional PDX tumors (data not
shown). Since EFNA4 expression was clearly observed upon
focusing on the TNBC subtype of breast cancer and upon
enriching for TIC, and has not been previously noted as a
target of interest in breast cancer, we asked whether elevated
expression was detectable in the context of bulk breast PDX
tumors and/or among clinical patient tumor specimens. EFNA4
mRNA expression was elevated versus normal breast tissue and
11 other normal tissues and was generally higher in the nonClaudin low subtype of TNBC (n ¼ 10) versus other breast
cancer subtypes, including Claudin low TNBC (Fig. 2C). Upon
applying the PAM50 gene signature to The Cancer Genome
Atlas (TCGA) data to better characterize the dataset according
to probable subtypes (36), elevated expression of EFNA4 in
TNBC tumors was conﬁrmed compared with normal adjacent
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Figure 1.
Demonstrated enrichment of TNBC TIC. TNBC PDX tumors were harvested,
dissociated to single-cell suspensions, and analyzed by ﬂow cytometry using
þ
(A) strict doublet discrimination gating. B, human ESA tumor cells were
analyzed for CD24 and CD324 expression. C, prospective TICs (i.e.,
þ
CD324 cells) were isolated by FACS and reanalyzed by ﬂow cytometry
before implantation. Daughter tumor(s) were similarly dissociated and
analyzed to conﬁrm cellular heterogeneity reﬂecting the parental tumor. D,
þ
tumor growth curves for individual mice implanted with 50 CD324 (*) or

CD324 (*) cells isolated from dissociated breast PDX tumors are displayed.

breast and breast tumors of non-TNBC subtypes (Fig. 2D). A
correlation between EFNA4 mRNA and DNA copy number was
also observed (n ¼ 110; r ¼ 0.379; P < 0.0001; Fig. 2E),
suggesting a genetic basis for EFNA4 overexpression in at least
some cases. Surprisingly, 25.5% of breast tumor specimens had
notable EFNA4 copy-number gain (n  2.5), with a slightly
higher incidence in TNBC (Supplementary Fig. S1A; ref. 36). A
similar trend was also observed in the METABRIC breast cancer
dataset (37), where EFNA4 copy-number gains were observed
in 14.3% of samples.
Finally, ELISAs were performed to determine whether elevated
EFNA4 mRNA translates into increased protein expression. Analysis of protein lysates from 17 normal organs, 49 primary breast
tumor specimens, and 9 TNBC PDX tumor models revealed that
EFNA4 protein was elevated not only in TNBC versus normal
tissues and other subtypes of breast cancer, but also in the
molecularly deﬁned non-Claudin low versus Claudin low subset
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Figure 2.
EFNA4 expression is elevated in TNBC TIC. A, a volcano plot showing whole
transcriptome fold ratio expression differences in TIC versus NTG cells (n ¼ 3
biologic replicates) and normal tissues (n ¼ 8 major vital organs). Genes
highlighted in gray have >1 absolute log2 fold ratio change. Genes highlighted
in red additionally have adjusted P values < 0.05. The Wald and Benjamini–
Hochberg tests were used to derive P values and adjusted P values,
respectively. EFNA4 mRNA expression was further assessed in (B) a panel of
normal vital organs, NTG cells, and/or TIC isolated from PDXs originating from
one of several breast cancer subtypes, including CL, non-CL, and luminal B
(LumB), by whole transcriptome sequencing or (C) normal vital organs or
bulk breast PDXs by microarray. D, expression of EFNA4 mRNA in normaladjacent breast, TNBC, non-TNBC breast tumors was assessed using available
TCGA data (n ¼ 400). E, EFNA4 mRNA level (TPM: transcript per million)
versus DNA copy number (Copy #) from breast cancer patients in the TCGA
dataset is shown. F, EFNA4 protein expression was assessed in lysates of
normal tissue, primary tumor tissue (p0), and PDX tumors. Red lines, the
geometric mean; P values < 0.05 reﬂect signiﬁcance in a two-sided unpaired t
test of the denoted sample sets.

of TNBC (Fig. 2F). The above results conﬁrm that, even at the bulk
tumor level, elevated EFNA4 gene expression translates to meaningful and detectable increases in EFNA4 protein.
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EFNA4-targeted antibodies mediate efﬁcient payload delivery
Anti-EFNA4 mAbs were generated and characterized for antigen
binding and ability to internalize to deliver payload. First, mAbs
were screened for their ability to bind EFNA4, but not related
family members EFNA1, EFNA3, or EFNA5 (Fig. 3A). The murine
mAb clone mE22 demonstrated speciﬁcity for antigen and bound
EFNA4 without blocking its interaction with a known receptor,
EphA2, in contrast with some other mAbs in the panel (data not
shown). mE22 was humanized by grafting the ComplementarityDetermining Regions onto a human IgG1 framework, resulting in
hE22, which maintained its afﬁnity for human EFNA4 (Supplementary Fig. S2A). Humanized hE22 recognized 293T-EFNA4
cells but not parental 293T cells (Supplementary Fig. S2B and
S2C) and fully reacted with cynomolgus monkey EFNA4, but not
with murine antigen. Both mE22 and hE22 mediated delivery of
the Saporin toxin in piggy-back internalization and cytotoxicity
assays, with an EC50 of 10 ng/mL (Fig. 3B). The ADC PF-06647263
(anti–EFNA4-ADC) was generated via conjugation of hE22 lysine
residues to the AcButDMH-N-Ac-calicheamicin-g1 linker-payload
with an average drug-to-antibody ratio (DAR) of 4.6 (Fig. 3C;
Supplementary Fig. S2D). Surface plasmon resonance (Supplementary Fig. S2E) and cell binding studies (not shown) demonstrated comparable antigen binding by the ADC and unconjugated mAb (Supplementary Fig. S2F).
To evaluate the potency of PF-06647263 and conﬁrm its
mechanism of action, cells were treated in vitro and subsequent
cell viability was assessed. PF-06647263 elicited antigen- and
concentration-dependent cytotoxicity, as exposure to PF06647263 for 96 hours resulted in cell death (EC50  1 ng/mL),
whereas the control ADC comprising a nonbinding mAb with the
same linker-payload and DAR did not (Fig. 3D). Furthermore,
PF-06647263 did not elicit cytotoxicity against parental HEK293T
cells lacking EFNA4 expression (data not shown). Induction of
apoptosis consistent with calicheamicin's mechanism of action
was conﬁrmed by the presence of g-H2AX foci indicative of
double-stranded DNA breaks in cells exposed to PF-06647263
for 4 hours (Fig. 3E; ref. 38). In contrast, no foci were observed
after treatment with control ADC (Fig. 3E) or unconjugated hE22
(data not shown). Staining with Annexin-V demonstrated the
induction of apoptosis by PF-06647263, but not by control ADC
or hE22 mAb (data not shown). Analogous results were obtained
in a pharmacodynamic study in vivo, where mice bearing TNBC
PDX tumors were administered one dose of 1 mg/kg PF06647263 and euthanized 24, 48, and 96 hours later for immunohistochemical analysis. Tumors exhibited PF-06647263 staining at the plasma membrane 24 hours after dosing, and subsequent reduction of PF-0667263 staining was complemented by
increased nuclear g-H2AX foci (Fig. 3F; Supplementary Fig. S3).
PF-06647263 induces signiﬁcant tumor regression in TNBC
xenografts
To evaluate the in vivo efﬁcacy of PF-06647263 against breast
PDX tumors versus standard-of-care, na€ve mice were implanted
with 50,000 PDX tumor cells, randomized to 6 to 10 mice per
group once tumors reached 140 to 180 mm3 and treated with PBS,
1.5 mg/kg doxorubicin once a week for 2 weeks, or PF-06647263
or control ADC at various dose levels twice weekly for 2 weeks.
Whereas breast PDX tumors were largely nonresponsive to doxorubicin, 0.27 mg/kg PF-06647263 resulted in signiﬁcant tumor
regressions often lasting more than 120 days (Fig. 4A; Table 1).
Signiﬁcant tumor regression and/or tumor growth inhibition
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Figure 3.
Anti-EFNA4 antibodies mediate payload delivery and cytotoxicity. Anti-EFNA4 mAb clone E22 was screened (A) for Ephrin-A family member cross-reactivity by
ELISA, and (B) for its ability to internalize and mediate in vitro cytotoxicity as either a murine (m) or humanized (h) mAb. C, the anatomy of PF-06647263
comprises an AcButDMH-N-Ac-calicheamicin-g 1 linker-payload conjugated to hE22 via lysine (K) residues. D, in vitro cytotoxicity of PF-06647263 ( ) versus
control ADC (~) in EFNA4-expressing 293T cells. E, 293T-EFNA4 cells were exposed for 4 hours to 0.3 mg/mL PF-06647263 or control ADC, and then
subjected to immunoﬂuorescence analysis for the g-H2A.X and DNA content. F, BR5 PDX tumors were harvested as indicated after one administration of 1 mg/kg
PF-06647263, and digital image analysis was performed after IHC to determine the percentage of cells with surface human IgG (black circles) and g-H2A.X
(red squares) staining. Dashes, the median value per group.

(TGI) was also observed at progressively lower doses, down to
0.036 mg/kg in some models (Table 1). The corresponding
exposure levels in humans should be achievable based on the
highest nonseverely toxic dose achieved in cynomolgus monkeys
in exploratory toxicology studies described below.
In total, 9 distinct BR PDX tumor models were evaluated for
their response to PF-06647263. Consistent with EFNA4 expression, the most robust responses were observed in the non-Claudin
low TNBC tumors–with effective cures observed in several cases.
The expression level of EFNA4 in these PDX models was comparable with that in primary TNBC tumors (Fig. 2F). Notably, the
ADC did not elicit responses in tumors that did not express the
antigen, and the control ADC did not elicit an antitumor activity
in any study.
To conﬁrm that tumor regressions were underpinned by a direct
impact on TIC, the tumorigenic potential of cells remaining after
PF-06647263 exposure was assessed in an in vivo limiting dilution
reimplantation assay. Speciﬁcally, several BR13 and BR22 PDX
tumor-bearing mice treated with 0.09 mg/kg of PF-06647263 or
0.1 mg/kg of the control ADC were euthanized 21 or 12 days,
respectively, after treatment, following which human tumor cells
were isolated and serially transplanted in limiting dilutions. Using
Poisson distribution statistics based on the frequency of no tumor
growth in recipient animals 21 weeks after transplant, TIC frequency was determined to be reduced 3.6- and 2.7-fold (relative
to the control ADC) in BR13 and BR22 tumors with corresponding P values of 0.0007 and 0.0186, respectively (Fig. 4B and C).
These results demonstrate that PF-06647263 effectively reduces
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the TIC subpopulation in TNBC tumors, contributing to the
observed sustained regressions.
TICs in subtypes of ovarian cancer express EFNA4 and can be
killed by PF-06647263
Ovarian cancer shares several features with TNBC, including the
common gain of chromosome 1q, where EFNA4 resides
(37, 39, 40). To ﬁrst determine whether TICs in ovarian cancer
PDX tumor models were similarly enriched among CD324expressing cells, tumors were phenotypically proﬁled, and subpopulations with or without CD324 expression were isolated and
transplanted (Fig. 5A and B). In experiments across 10 distinct
ovarian cancer PDXs of either the high-grade serous (HGS) or
malignant mixed mullarian tumor (MMMT) subtype, 142 of 160
mice (89%) transplanted with 200 human epithelial CD324þ
cells bore tumors within 24 weeks, versus only 9 of 172 mice (5%)
transplanted with 200 CD324 cells (Supplementary Table S3).
As was observed for TNBC, the ovarian tumors that arose from
CD324þ cells were histologically and phenotypically diverse.
Like TNBC, CD324þ TIC from MMMT and a subset of HGS
ovarian tumors expressed elevated levels of EFNA4 (Fig. 5C),
which was conﬁrmed by microarray gene expression proﬁling of
bulk ovarian PDX tumors representing several subtypes (Fig. 5D; n
¼ 31 HGS, 6 MMMT, and 13 "other"). As observed for TNBC, a
substantial fraction (22.2%) of ovarian TCGA samples had
signiﬁcant EFNA4 copy-number gains (2.5; Supplementary
Fig. S1B). As in TNBC, a correlation between EFNA4 mRNA level
and DNA copy number was observed (r ¼ 0.11; P < 0.0001), also
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Figure 4.
PF-06647263 eliminates TIC in vivo
and causes sustained tumor
regressions. A, tumor growth curves
for mice bearing the denoted PDX
tumors following randomization and
treatment Q7Dx2 with either vehicle
(^) or 1.5 mg/kg doxorubicin ( ), or
BiWx2 with 0.27 mg/kg ( ) or 0.09
mg/kg ( ) PF-06647263 or 0.3 mg/kg
control ADC (~). Data, mean  SEM of
6 to 8 mice per group. B, semilog plot
graphing the percentage of non–
tumor-bearing mice following serial
transplantation of limiting dilutions of
BR13 PDX human tumor cells 12 days
after exposure to 0.09 mg/kg ( )
PF-06647263 or 0.3 mg/kg control
ADC (~). C, TIC frequency within the
denoted PDX tumors following
treatment with 0.1 mg/kg control or
0.09 mg/kg PF-06647263 is shown,
wherein data represent the mean  1
standard error.

suggesting a potential genetic basis for overexpression in ovarian
tumors (Fig. 5E).
Finally, to determine whether elevated EFNA4 expression in
ovarian tumors could be leveraged therapeutically, na€ve mice
were implanted with PDX tumor cells, randomized, and treated
with the standard-of-care therapeutic agents cisplatin or irinotecan (depending on OV PDX subtype), a control ADC, or PF06647263. Signiﬁcant PF-06647263–induced tumor regressions
and/or TGI were observed in all ovarian PDXs evaluated (Table 1;
n ¼ 6; 3 HGS and 3 MMMT subtype). In 3 of 6 models tested, mice
treated with a dose of 0.27 mg/kg were effectively cured, with no
observed recurrences (Fig. 5F). The more sensitive models displayed signiﬁcant TGI at doses as low as 0.036 mg/kg (Table 1). In
contrast, the control ADC did not elicit antitumor activity in any
study. Cumulatively, these data establish the robust single-agent
activity of PF-06647263 in both TNBC and ovarian cancer PDX
tumor models.
Exploratory toxicology
The nonclinical safety proﬁle of PF-06647263 has been well
characterized in repeat-dose studies (once every 3 weeks for 3
cycles) in cynomolgus monkeys. Overall, target organ toxicities
observed in monkeys were attributed to target-independent
(off-target) effects associated with the payload since they had
been observed previously with other calicheamicin-based ADCs.
Together, the exploratory toxicology results and in vivo efﬁcacy
data suggested that PF-06647263 would have a therapeutic window in cancer patients.

Discussion
For ADCs to reach their full potential, they must target appropriate cells and antigens, and leverage cytotoxic mechanisms
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equal to the task of eradicating target cells. TICs represent cellular
targets that, if effectively eliminated, may result in a profound
impact on patient survival. Like their normal stem cell counterparts, TICs likely contain a subpopulation of quiescent cells
inherently resistant to cell-cycle–dependent microtubule inhibitors. Calicheamicin is a clinically validated toxin able to kill cells
independent of their cell-cycle status (32). In preclinical efﬁcacy
studies, anti–EFNA4-ADC (PF-06647263) dramatically outperformed doxorubicin and cisplatin in TNBC and ovarian cancer
PDXs, respectively, and together with the results of nonclinical
toxicology and pharmacokinetic studies, provided rationale for
the initiation of a phase I clinical trial. Previous clinical experience
with an ADC that targets the EphA2 receptor (MEDI-547), with
which EFNA4 ligand interacts, resulted in early and serious
adverse events in humans (41). Both MEDI-547 and the normal
tissue expression pattern of EphA2 are entirely different from
PF-06647263 and EFNA4, and thus we do not expect, nor does
evidence from preclinical studies suggest, that PF-06647263 will
result in any of the same signiﬁcant toxicities as MEDI-547.
Unlike small-molecule approaches to inhibit Ephrin/Eph
receptor signaling, the ADC platform presents an opportunity to
target speciﬁc Ephrin ligands. The Ephrin-A/EFNA subfamily of
ligands is displayed on the cell surface via a glycosyl phosphatidylinositol (GPI) anchor (18). The ability of GPI-anchored proteins to internalize has been debated, yet several clinical-stage
ADCs target such proteins (42–44). Consistent with requirement
for ADCs to internalize to mediate payload delivery, we herein
demonstrate that GPI-anchored EFNA4 efﬁciently internalizes to
mediate payload delivery both in vitro and in vivo. Depending on
the signaling functions of a particular Ephrin in tumors and
normal tissues, the optimal mAb for an ADC against a particular
Ephrin ligand may or may not functionally block Ephrin/Eph
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Table 1. Summary of preclinical efﬁcacy studies with EFNA4-ADC
PF-06647263

PDX
BR5

a
Standard of care
Regression (TTP, days)
or % TGI
44% TGI

EFNA4 protein
(ng/mg)
1.8

BR22

27% TGI

1.91

BR31

30% TGI

1.02

BR56

49% TGI

1.01

TNBC: Normal-like

BR13

16% TGI

1.00

TNBC: Unknown

144580

ND

1.74

TNBC: CL

BR25
BR64
BR17
OV39

No activity
No activity
66% TGI
Regression (28)

0.47
0.66
ND
ND

OV44

Regression (60)

1.39

OV63

35% TGI

0.49

OV45

Regression (20)

3.64

OV55

NA

0.42

OV124

NA

ND

Tumor
subtype
TNBC: Basal

BR: HER2
OV: HGS

þ

OV: MMMT

Dose level
(mg/kg)
0.036
0.09
0.27
0.018
0.036
0.09
0.27
0.09
0.27
0.018
0.036
0.09
0.27
0.018
0.036
0.09
0.27
0.03
0.1
0.3
0.27
0.27
0.27
0.036
0.09
0.27
0.036
0.09
0.27
0.036
0.09
0.27
0.018
0.036
0.09
0.27
0.018
0.036
0.09
0.27

Regression (TTP, days)
or % TGI
Regression (32)
Regression (53)
Regression (215)
No activity
21% TGI
55% TGI
Regression (43)
Regression (56)
Regression (91)
No activity
34% TGI
56% TGI
Regression (60)
No activity
36% TGI
Regression (42)
Regression (84)
11% TGI
55% TGI
Regression (53)
27% TGI
No activity
No activity
No activity
45% TGI
Regression (49)
53% TGI
59% TGI
Regression (53)
No activity
59% TGI
Regression (88)
No activity
70% TGI
Regression (60)
Regression (200)
No activity
67% TGI
Regression (42)
Regression (76)

0.27

Regression (152)

Abbreviations: NL, normal-like; ND, no data.
a
Breast SOC ¼ 1.5 mg/kg doxorubicin q7dx2; Ovarian-HGS SOC ¼ 5 mg/kg cisplatin q7dx2; Ovarian MMMT SOC ¼ 35 mg/kg irinotecan q4dx3.

receptor interactions. In the course of characterizing anti-EFNA4
antibody clones, one that does not block receptor/ligand interactions exhibited greater efﬁcacy than one that does. Considering
the afﬁnity of EFNA4 for all known EphA and EphB receptors is at
least 10-fold lower than that of antibody for target (Supplementary Fig. S4), it is unclear why continued ligand engagement might
be favored for PF-06647263 internalization.
Recent evidence suggests that EFNA4 may play a functional role
in the cell fate decisions of mammary epithelial cells (45),
signifying a biologic basis for the overexpression of EFNA4 in
breast TIC. Moreover, the overexpression of EFNA4 in TNBC and
ovarian cancer may have a genetic basis, as evidenced by the DNA
copy-number gains observed in a subset of patient samples from
both the queried breast and ovarian cancer TCGA and other
similar datasets in the public domain. In light of observations
that approximately 70% of non-Claudin low TNBC tumors are
basal-like, and basal-like TNBC is more similar to HGS ovarian

www.aacrjournals.org

cancer than to other breast cancer subtypes (35, 39), it is perhaps
not surprising that EFNA4 expression is also elevated in a subset of
ovarian tumors. Strikingly, in hepatocellular carcinoma, copynumber gain of EFNA4 is even more frequent than in breast and
ovarian cancer and is associated with higher mRNA levels (Supplementary Fig. S1C and S1D).
The ability to enrich for TNBC TICs using CD324 antigen
expression was critical to revealing EFNA4 as a novel therapeutic
target. Even when considering probable false-positive tumorigenicity events from CD324 cells in isolation and transplantation
experiments, TNBC and ovarian TICs were functionally demonstrated to be enriched greater than 14- and 40-fold, respectively,
upon isolation of CD324þ cells. Our in vivo demonstration that
TNBC TICs are enriched by CD324 (E-cadherin, an epithelial
marker) contrasts with in vitro data that TICs exhibit features of
mesenchymal, but not epithelial, cells (46, 47). It seems likely that
any association between TIC and the mesenchymal state could be
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and D, respectively). Finally, the demonstrated signiﬁcant reduction in TIC frequency in mice treated with modest concentrations
(0.09 mg/kg) of PF-06647263, combined with signiﬁcant and
prolonged tumor regressions at higher doses, conﬁrms that
EFNA4 expression is elevated on TICs within breast and ovarian
tumors and supports the hypothesis that by effectively targeting
and eradicating TIC, signiﬁcant improvement to survival endpoints may be possible in patients.
The establishment and use of a large panel of well-annotated,
low-passage PDX tumors enabled not only the enrichment and
characterization of TIC using a novel marker, CD324, in breast
and ovarian cancer subtypes, but also facilitated the discovery of
EFNA4 as a therapeutic target. Moreover, the preclinical evaluation of anti–EFNA4-ADC (PF-06647263) in a simulated "mouse
clinical trial" utilizing a variety of relevant PDX tumor models
resulted in information guiding the clinical development strategy
for this compound. PF-06647263 herein demonstrated robust
antitumor activity in preclinical studies and is currently being
evaluated in a phase I clinical trial.
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dependent on tumor subtype, microenvironmental context, and
other parameters. Our results indicate that there is no such
association in TNBC and underscore the importance of characterizing TIC by functional in vivo tumorigenesis assays.
The use of CD324 to obtain a 14-fold enrichment for nonClaudin low TNBC TIC facilitated an 8.9-fold enrichment in
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4172 Clin Cancer Res; 21(18) September 15, 2015

Conception and design: M. Damelin, A. Bankovich, M. Aujay, K. Khandke,
R. Stull, P. Sapra, H.-P. Gerber, S.J. Dylla
Development of methodology: A. Bankovich, W. Anderson, M. Santaguida,
V. Pulito, E. Ernstoff, J. Lucas, O. Foord, J. Hampl, R. Stull, P. Sapra, S.J. Dylla
Acquisition of data (provided animals, acquired and managed patients,
provided facilities, etc.): A. Bankovich, A. Park, J. Aguilar, W. Anderson,
M. Santaguida, M. Aujay, S. Fong, V. Pulito, P. Escarpe, J. Bernstein, M. Pysz,
E. Upeslacis, J. Lucas, O. Foord, J. Hampl, F. Barletta, S.J. Dylla
Analysis and interpretation of data (e.g., statistical analysis, biostatistics,
computational analysis): M. Damelin, A. Bankovich, A. Park, M. Santaguida,
S. Fong, V. Pulito, E. Ernstoff, W. Zhong, J. Lucas, J. Lucas, T. Nichols, K. Loving,
O. Foord, J. Hampl, R. Stull, F. Barletta, H. Falahatpisheh, S.J. Dylla
Writing, review, and/or revision of the manuscript: M. Damelin, A. Bankovich,
A. Park, J. Bernstein, M. Pysz, R. Stull, F. Barletta, P. Sapra, H.-P. Gerber, S.J. Dylla
Administrative, technical, or material support (i.e., reporting or organizing
data, constructing databases): A. Bankovich, A. Park, J. Aguilar, W. Anderson,
V. Pulito, M. Pysz, K. Loving, S.J. Dylla
Study supervision: M. Damelin, A. Bankovich, J. Aguilar, J. Lucas, P. Sapra,
S.J. Dylla
Other (designed and made the calicheamicin conjugate of the anti EFNA4
that was used throughout this study): K. Khandke

Acknowledgments
The authors acknowledge contributions by the PF-06647263 Project Team,
including but not limited to Ashwin Gollerkeri, Frank Loganzo, George Kan,
Nahor Haddish-Berhane, Russell Dushin, Judy Lucas, Edward Rosfjord, Erik
Upeslacis, Danielle Leahy, Marc Roy, Tania Franks, Leslie Obert, Steven PirieShepherd, Jonathon Golas, Andrea Hooper, Magali Guffroy, and Martin Finkelstein. They also thank Brett Pickell, Ayako Kuroda, Michelle Richardson, Peter
Lindley, Michael Torgov, Gang Wang, Bob Liu, Somdutta Roy, and Saiyou
Ohshima for their contributions.
The costs of publication of this article were defrayed in part by the
payment of page charges. This article must therefore be hereby marked
advertisement in accordance with 18 U.S.C. Section 1734 solely to indicate
this fact.
Received March 22, 2015; revised May 18, 2015; accepted May 19, 2015;
published OnlineFirst May 26, 2015.

Clinical Cancer Research

Elimination of Tumor-Initiating Cells with Anti–EFNA4-ADC

References
1. Lin NU, Vanderplas A, Hughes ME, Theriault RL, Edge SB, Wong YN, et al.
Clinicopathologic features, patterns of recurrence, and survival among
women with triple-negative breast cancer in the National Comprehensive
Cancer Network. Cancer 2012;118:5463–72.
2. Bramati A, Girelli S, Torri V, Farina G, Galfrascoli E, Piva S, et al. Efﬁcacy of
biological agents in metastatic triple-negative breast cancer. Cancer Treat
Rev 2014;40:605–13.
3. Yadav BS, Sharma SC, Chanana P, Jhamb S. Systemic treatment strategies
for triple-negative breast cancer. World J Clin Oncol 2014;5:125–33.
4. Duska LR, Garrett A, Eltabbakh GH, Oliva E, Penson R, Fuller AF. Paclitaxel
and platinum chemotherapy for malignant mixed mullerian tumors of the
ovary. Gynecol Oncol 2002;85:459–63.
5. McCluggage WG. Morphological subtypes of ovarian carcinoma: a review
with emphasis on new developments and pathogenesis. Pathology
2011;43:420–32.
6. Loizzi V, Cormio G, Camporeale A, Falagario M, De Mitri P, Scardigno D,
et al. Carcinosarcoma of the ovary: analysis of 13 cases and review of the
literature. Oncology 2011;80:102–6.
7. Prat J. New insights into ovarian cancer pathology. Ann Oncol 2012;23:
x111–7.
8. Cantley LC, Dalton WS, DuBois RN, Finn OJ, Futreal PA, Golub TR,
et al. AACR Cancer Progress Report 2012. Clin Cancer Res 2012;18:
S1–100.
9. Coleman RL, Monk BJ, Sood AK, Herzog TJ. Latest research and treatment of
advanced-stage epithelial ovarian cancer. Nat Rev Clin Oncol 2013;10:
211–24.
10. Tentler JJ, Tan AC, Weekes CD, Jimeno A, Leong S, Pitts TM, et al. Patientderived tumour xenografts as models for oncology drug development. Nat
Rev Clin Oncol 2012;9:338–50.
11. Williams SA, Anderson WC, Santaguida MT, Dylla SJ. Patient-derived
xenografts, the cancer stem cell paradigm, and cancer pathobiology in the
21st century. Lab Invest 2013;93:970–82.
12. Al-Hajj M, Wicha MS, Benito-Hernandez A, Morrison SJ, Clarke MF.
Prospective identiﬁcation of tumorigenic breast cancer cells. Proc Natl
Acad Sci U S A 2003;100:3983–8.
13. Jin K, Teng L, Shen Y, He K, Xu Z, Li G. Patient-derived human tumour tissue
xenografts in immunodeﬁcient mice: a systematic review. Clin Transl
Oncol 2010;12:473–80.
14. DeRose YS, Wang G, Lin YC, Bernard PS, Buys SS, Ebbert MT, et al. Tumor
grafts derived from women with breast cancer authentically reﬂect tumor
pathology, growth, metastasis and disease outcomes. Nat Med 2011;
17:1514–20.
15. Rosfjord E, Lucas J, Li G, Gerber HP. Advances in patient-derived tumor
xenografts: from target identiﬁcation to predicting clinical response rates in
oncology. Biochem Pharmacol 2014;91:135–43.
16. Pasquale EB. Eph receptor signalling casts a wide net on cell behaviour.
Nat Rev Mol Cell Biol 2005;6:462–75.
17. Pasquale EB. Eph receptors and ephrins in cancer: bidirectional signalling
and beyond. Nat Rev Cancer 2010;10:165–80.
18. Kaenel P, Mosimann M, Andres AC. The multifaceted roles of Eph/ephrin
signaling in breast cancer. Cell Adh Migr 2012;6:138–47.
19. Lin S, Wang B, Getsios S. Eph/ephrin signaling in epidermal differentiation
and disease. Semin Cell Dev Biol 2012;23:92–101.
20. Brantley-Sieders DM, Jiang A, Sarma K, Badu-Nkansah A, Walter DL, Shyr Y,
et al. Eph/ephrin proﬁling in human breast cancer reveals signiﬁcant
associations between expression level and clinical outcome. PloS One
2011;6:e24426.
21. Hafner C, Schmitz G, Meyer S, Bataille F, Hau P, Langmann T, et al.
Differential gene expression of Eph receptors and ephrins in benign human
tissues and cancers. Clin Chem 2004;50:490–9.
22. Surawska H, Ma PC, Salgia R. The role of ephrins and Eph receptors in
cancer. Cytokine Growth Factor Rev 2004;15:419–33.
23. Boyd AW, Bartlett PF, Lackmann M. Therapeutic targeting of EPH receptors
and their ligands. Nat Rev Drug Discov 2014;13:39–62.
24. Sapra P, Hooper AT, O'Donnell CJ, Gerber HP. Investigational antibody
drug conjugates for solid tumors. Expert Opin Investig Drugs 2011;
20:1131–49.

www.aacrjournals.org

25. Sievers EL, Senter PD. Antibody-drug conjugates in cancer therapy. Annu
Rev Med 2013;64:15–29.
26. Gerber HP, Koehn FE, Abraham RT. The antibody-drug conjugate: an
enabling modality for natural product-based cancer therapeutics. Nat Prod
Rep 2013;30:625–39.
27. Mullard A. Maturing antibody-drug conjugate pipeline hits 30. Nat Rev
Drug Discov 2013;12:329–32.
28. Lambert JM, Chari RV. Ado-trastuzumab Emtansine (T-DM1): an antibody-drug conjugate (ADC) for HER2-positive breast cancer. J Med Chem
2014;57:6949–64.
29. Senter PD, Sievers EL. The discovery and development of brentuximab
vedotin for use in relapsed Hodgkin lymphoma and systemic anaplastic
large cell lymphoma. Nat Biotechnol 2012;30:631–7.
30. Nicolaou KC, Pitsinos EN, Theodorakis EA, Saimoto H, Wrasidlo W.
Synthetic calicheamicin mimics with novel initiation mechanisms: DNA
cleavage, cytotoxicity, and apoptosis. Chem Biol 1994;1:57–66.
31. Prokop A, Wrasidlo W, Lode H, Herold R, Lang F, Henze G, et al. Induction
of apoptosis by enediyne antibiotic calicheamicin thetaII proceeds through
a caspase-mediated mitochondrial ampliﬁcation loop in an entirely Baxdependent manner. Oncogene 2003;22:9107–20.
32. Zein N, Sinha AM, McGahren WJ, Ellestad GA. Calicheamicin gamma 1I: an
antitumor antibiotic that cleaves double-stranded DNA site speciﬁcally.
Science 1988;240:1198–201.
33. Dalerba P, Dylla SJ, Park IK, Liu R, Wang X, Cho RW, et al. Phenotypic
characterization of human colorectal cancer stem cells. Proc Natl Acad Sci
U S A 2007;104:10158–63.
34. Prat A, Parker JS, Karginova O, Fan C, Livasy C, Herschkowitz JI, et al.
Phenotypic and molecular characterization of the claudin-low intrinsic
subtype of breast cancer. Breast Cancer Res 2010;12:R68.
35. Prat A, Perou CM. Deconstructing the molecular portraits of breast cancer.
Mol Oncol 2011;5:5–23.
36. Stephens PJ, Tarpey PS, Davies H, Van Loo P, Greenman C, Wedge DC, et al.
The landscape of cancer genes and mutational processes in breast cancer.
Nature 2012;486:400–4.
37. Curtis C, Shah SP, Chin SF, Turashvili G, Rueda OM, Dunning MJ, et al. The
genomic and transcriptomic architecture of 2,000 breast tumours reveals
novel subgroups. Nature 2012;486:346–52.
38. Mah LJ, El-Osta A, Karagiannis TC. gammaH2AX: a sensitive molecular
marker of DNA damage and repair. Leukemia 2010;24:679–86.
39. Cancer Genome Atlas N. Comprehensive molecular portraits of human
breast tumours. Nature 2012;490:61–70.
40. Cancer Genome Atlas Research N. Integrated genomic analyses of ovarian
carcinoma. Nature 2011;474:609–15.
41. Annunziata CM, Kohn EC, LoRusso P, Houston ND, Coleman RL, Buzoianu
M, et al. Phase 1, open-label study of MEDI-547 in patients with relapsed or
refractory solid tumors. Investig New Drugs 2013;31:77–84.
42. Golﬁer S, Kopitz C, Kahnert A, Heisler I, Schatz CA, Stelte-Ludwig B, et al.
Anetumab ravtansine: a novel mesothelin-targeting antibody-drug conjugate cures tumors with heterogeneous target expression favored by
bystander effect. Mol Cancer Ther 2014;13:1537–48.
43. Govindan SV, Cardillo TM, Moon SJ, Hansen HJ, Goldenberg DM. CEACAM5-targeted therapy of human colonic and pancreatic cancer xenografts
with potent labetuzumab-SN-38 immunoconjugates. Clin Cancer Res
2009;15:6052–61.
44. Kelly RK, Olson DL, Sun Y, Wen D, Wortham KA, Antognetti G, et al. An
antibody-cytotoxic conjugate, BIIB015, is a new targeted therapy for Cripto
positive tumours. Eur J Cancer 2011;47:1736–46.
45. Burleigh A, McKinney S, Brimhall J, Yap D, Eirew P, Poon S, et al. A coculture genome-wide RNAi screen with mammary epithelial cells reveals
transmembrane signals required for growth and differentiation. Breast
Cancer Res 2015;17:4.
46. Mani SA, Guo W, Liao MJ, Eaton EN, Ayyanan A, Zhou AY, et al. The
epithelial-mesenchymal transition generates cells with properties of stem
cells. Cell 2008;133:704–15.
47. Morel AP, Lievre M, Thomas C, Hinkal G, Ansieau S, Puisieux A. Generation
of breast cancer stem cells through epithelial-mesenchymal transition.
PloS One 2008;3:e2888.

Clin Cancer Res; 21(18) September 15, 2015

4173

