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ABSTRACT
◥

The EphA2 receptor is found at high levels in tumors and low
levels in normal tissue and high EphA2 expression in biopsies is a
predictor of poor outcome in patients. Drug discovery groups have
therefore sought to develop EphA2-based therapies using small
molecule, peptide, and nanoparticle-based approaches (1–3). How-
ever, until now only EphA2-targeting antibody–drug conjugates
(ADC) have entered clinical development. For example, MEDI-547
is an EphA2-targeting ADC that displayed encouraging antitumor
activity in preclinical models and progressed to phase I clinical
testing in man. Here we describe the development of BT5528, a
bicyclic peptide (“Bicycle”) conjugated to the auristatin derivative
maleimidocaproyl-monomethyl auristatin E to generate the Bicycle
toxin conjugate BT5528. The report compares and contrasts the
Pharmacokinetics (PK) characteristics of antibody and Bicycle-
based targeting systems and discusses how the PK and payload
characteristics of different delivery systems impact the efficacy—
toxicity trade off which is key to the development of successful
cancer therapies. We show that BT5528 gives rise to rapid update
into tumors and fast renal elimination followed by persistent toxin

levels in tumors without prolonged exposure of parent drug in the
vasculature. This fast in, fast out kinetics gave rise to more favorable
toxicology findings in rats and monkeys than were observed with
MEDI-547 in preclinical and clinical studies.

Graphical Abstract: http://mct.aacrjournals.org/content/mol
canther/19/7/1385/F1.large.jpg.

Introduction
The goal of cancer therapy is to selectively kill cancer cells while

sparing normal cells. First-generation cancer therapies achieved this by
targeting rapidly dividing cancer cells with cytotoxic agents. Although
this approach achieved some success, the mechanism—inhibition of
cell division—was conceptually flawed since, while tumor cells pro-
liferate rapidly, so do those required for normal physiology—
particularly those in the gastrointestinal (GI) tract and bone marrow.
The utility of cytotoxic drugs is therefore limited by their poor
therapeutic index.

In principle, selective delivery of cytotoxic drugs to tumor cells
should improve efficacy and decrease side effects on nontarget
organs. This desire for selective tumor targeting led to the devel-
opment of antibody–drug conjugates (ADC), in which the cytotoxin
is attached to an antibody that recognizes an extracellular antigen

that is overexpressed by tumor cells and has lower or absent
expression in normal tissue. This paradigm first achieved clinical
success with the ADC Mylotarg, a CD33 mAb linked to a calichea-
micin cytotoxic and approved for the treatment of relapsed acute
myelogenous leukemia in 2000 (4–6). Despite the clinical success of
several ADCs, antibodies did not evolve to deliver payloads to
tumors, and have intrinsic limitations in this application. First, they
are sufficiently large (ca.150 kDa) that they poorly extravasate and
are ineffective in delivering their payload to poorly perfused tumor
tissue (7, 8). Second, ADCs are characterized by long in vivo half-
lives and plateau-like PK profiles. This PK profile can give rise to
toxin release and toxicity in nontarget organs, which express the
target antigen at low levels. Finally, antibodies are characteristically
eliminated via hepatic metabolism, leading to release of payload in
the liver and GI tract—hepatic and GI toxicities are therefore
common dose-limiting toxicities for ADCs (9). Therefore, a differ-
ent approach to targeting cytotoxins to tumors without these
inherent disadvantages is merited.

In this publication, we describe such a distinct approach, in which
the mAb is replaced with a synthetic, structurally constrained bicyclic
peptide (“Bicycle”) targeting the erythropoietin-producing hepatocel-
lular (Eph) receptor, EphA2, to generate a Bicycle toxin conjugate
(BTC).

The Erythropoietin-producing hepatocellular (Eph) receptors com-
prise a large family of receptor tyrosine kinases that are activated in
response to binding by Eph receptor-interacting proteins (Ephrins).
Ephs form the largest known subfamily of receptor tyrosine kinases
(RTK). The EphA2 receptor plays a role in development (10), but is
expressed at relatively low levels in normal adult tissue (11, 12).
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Overexpression has been reported across a wide range of solid tumors
including ovarian, endometrial, and cervical cancers, melanoma, and
gliomas (13–24), and is associated with poor patient outcome (25–28),
making it an ideal target for EphA2 selective payload targeting using
ADCs and other approaches. For example, MEDI-547 is an ADC
comprising an EphA2 targetedmAb (1C1) conjugated to the auristatin
derivative maleimidocaproyl-monomethyl auristatin phenylalanine
(mcMMAF). MEDI-547 displayed encouraging antitumor activity
in preclinical models (18, 29) and was progressed to clinical
evaluation in a phase I study. However, the study was halted
following treatment-related bleeding and coagulation events, and
liver enzyme elevations at the starting dose and there are no plans to
continue clinical development (30). These clinical findings were
consistent with preclinical findings in rats and monkeys, where
increased activated partial thromboplastin time, increased fibrino-
gen/fibrin degradation product, and fibrin D dimer and bleeding
events were reported (30). Preclinical studies in the monkey and
clinical testing in humans pointed to disseminated intravascular
coagulation (DIC) as the dose-limiting toxicology (30). Continued
investigation of EphA2 to target toxin delivery is therefore depen-
dent on evidence that alternative delivery modalities will not give
rise to analogous adverse events in patients.

This work demonstrates that BTCs and ADCs have distinct
physico-chemical and in vivo properties. BTCs are much smaller
than ADCs (molecular weight ca.4 kDa vs. ca.150 kDa), with a
physicochemical profile characteristic of renally excreted molecules,
and have short plasma half-lives measured in minutes not hours.
However, this short plasma half-life is balanced by rapid and
efficient tumor penetration (resulting from the low molecular
weight), a high Cmax, and release of a cell penetrant payload, giving
rise to bystander killing in the tumor microenvironment.

We hypothesized that because the PK profile of BTCs gives
rise to much lower cumulative exposure of parent drug to normal
tissue than ADCs, BTCs might give rise to a more favorable
therapeutic index than MEDI-547. We therefore developed BT5528,
a novel BTC targeting EphA2 expressing tumors and embarked
on PK, efficacy, and toxicology studies aimed at de-risking the
toxicology observed with MEDI-547, and demonstrating that pep-
tide based EphA2 targeting agents merit clinical evaluation in
patients.

Materials and Methods
A brief summary of the methods is provided below. Detailed

protocols are described in Supplementary Materials and Methods
online.

Phage optimization of EphA2 binding peptides
Bicycle binders were selected by phage display using methods

described in Heinis (31).

In vitro studies
Binding affinities were determined using a fluorescence polarization

competition assay and surface plasmon resonance assays using con-
ventional methods.

Cell binding
Binding of BTCs to cells was assessed by high content screening.

FibrosarcomaHT1080 cells were incubatedwith BTC for 45minutes at
4�C, with binding visualized using an anti-MMAE antibody conju-
gated to fluorescein.

Endogenous EphA2 expression on human cell lines
EphA2 expression in tumor cells or patient-derived tumor samples

was quantified bymeasurement of EphA2 antibody binding using flow
cytometry. Absolute antibody binding sites on cells were also quan-
tified (using QuantiBRITE beads; BD Biosciences).

Plasma protein binding, stability in plasma and hepatocytes
Plasma protein binding and stability was assessed in CD1 mouse,

Sprague–Dawley rat, Cynomolgus monkey, and human plasma.
Stability was also assessed in human hepatocytes. Studies were
conducted at Wuxi AppTec Co. Ltd. using conventional protocols.

Quantifying BT5528 and MMAE in plasma and tumor
BT5528 and MMAE levels were quantified in plasma and tumor

samples following analyte extraction and bioanalysis using LC/MS-MS
assays.

Measurement of pHH3 in tumor samples
Tumor samples were fixed, embedded in paraffin, stained for pHH3

and pHH3 positive nuclei were quantified using image analysis
software.

Xenograft models
Xenograft models were conducted in 6- to 8-week-old female balb/c

nude or CB17-SCIDmice inoculated with�107 cells in the right flank.
Animals were randomized when the average tumor volume reached
the predesignated start size. Group size ranged from n ¼ 3 to 6. All
studies included a vehicle-treated control. For patient-derived xeno-
graft models a tumor fragment (�30 mm3) was used for inoculation.
Dosing was conducted by intravenous bolus. Tumor volumes
were measured using a caliper, and the volume calculated as V (mm3)
¼ 0.5a � b2, where a and b are the long and short diameters of the
tumor, respectively. All Xenograft studies were conducted at Wuxi
AppTec Co. Ltd.

PET imaging
Imaging studies were conducted at Bioprobe Ltd., using mice

bearing subcutaneous HT-1080 xenografts. The labeled binder
(BCY6164) was synthesized by conjugating the Bicycle binder
BCY6099 to a DOTA chelator which was subsequently incubated
with Ga-68 chloride to generate radiolabeled test article. Mice were
anesthetized and administered BCY6164 intravenously (�150 pmol,
�1.5–2.5 MBq) as a 200 mL bolus over 15 to 25 seconds. Imaging was
performed using PET/CT scanning and images constructed using
imaging software.

Toxicology studies
Toxicology studies were conducted at Envigo Ltd., in accordance

with the recommendations of ICH S9 Nonclinical Evaluation for
Anticancer Pharmaceuticals. Rats and nonhuman primates (NHP,
cynomolgus monkeys) were dosed BT5528 once weekly for five doses
in a 32-day study. Evaluations included clinical signs, body weight and
food consumption, macroscopic and microscopic pathology, hema-
tology, clinical chemistry, urinalysis, coagulation, and toxicokinetics.

Results
Engineering high affinity EphA2 binder and control molecules

Lead EphA2 binders were identified using proprietary phage display
technology (31), which allowed us to rapidly identify low nmol/L hits
and define robust amino side chain SAR. Lead optimization aimed at
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improving stability and increasing hydrophilicity was carried out using
standard fmoc solid-phase synthesis guided by x-ray crystallography
studies (32). This work gave rise to BCY6099, a hydrophilic Bicycle
peptide with low nmol/L EphA2 binding and excellent stability in
mouse, monkey, and human plasma (Supplementary Information T1
and T3).

Having identified a lead Bicycle we focused our chemistry effort on
optimizing conjugation chemistry: the molecular spacer, cleavable
linker, and toxin payload. In the course of this optimization work,
we synthesized >75 BTCs exploring spacer, linker, and payload SAR.
The screening cascade comprised binding affinity for human, rat,
mouse, and monkey EphA2, selectivity over related Eph receptors,
physicochemical and ADME properties, efficacy in xenograft models
and toxicology readouts in the rat and monkey. This work culminated
in the identification of the lead candidate BT5528.

BT5528, the BT5528 parent Bicycle molecule (BCY6099), negative
control compounds, and a DOTA analogue used for imaging studies
are all fully described in Supplementary Chemical Structures. In this
work the EphA2 ADC (denoted 1C1-mcMMAF) was used as a
surrogate for MEDI-547.

In vitro binding profile
In vitro binding studies showed that attaching the auristatin

toxin payload to BCY6009 has minimal impact on binding affinity
(BCY6099: KD ¼ 5.7 � 0.9 nmol/L; BT5528: KD ¼ 1.9 � 0.9 nmol/L;
Supplementary Information T1). We also showed that optimizing
affinity to human EphA2 on phage gave rise to binders with high
affinity for mouse, rat, and cynomolgus monkey EphA2 (Supplemen-
tary Information T1); and furthermore that BT5528 is highly selective
(>5,000-fold) for EphA2 over closely related human and rodent
homologs (Epha3-7); and Eph family members that play a critical
role in proinflammatory signaling (5) (EphB1) and vascular develop-
ment (33) and bone remodeling (EphB4; Supplementary Information
T2; ref. 34).

HCS binding studies
We used high content screening assays to show that BT5528 (but

not nonbinding controls) bind to the surface of HT-1080 cells, which
express high levels of EphA2 (Fig. 1A–D; Supplementary Information
T5a). BT5528, the ADC 1C1-mcMMAF, and negative controls,
BCY6079 and MMAE, were incubated with HT-1080 cells for 45
minutes at 4�C and binding visualized using an anti-MMAE
antibody. Figure 1A and B show that BT5528 and 1C1-mcMMAF
bind on the entire HT1080 cell surface. No staining was observed with
cells incubated with MMAE, or BCY6079, a nonbinder negative
control (Fig. 1C and D).

Biodistribution studies
We conducted biodistribution studies with a Ga-68 radiolabeled

Bicycle binder BCY6064 (BCY6099 conjugated to a DOTA chelating
group) using microPET imaging studies. Figure 1E shows that
BCY6064 exhibits high and specific tumor targeting (max 12� 6.3%
ID/g at 30 minutes postdose), low uptake in nontarget tissues, and
rapid clearance of excess peptide through the kidney to the bladder.
The biodistribution study also confirmed that although the Bicycle
binder is only transiently present in plasma, it maintains high and
persistent levels in tumor tissue (Fig. 1F).

In vitro and in vivo PK parameters
BT5528 is metabolically stable in vitro in rat, cynomolgus,

and human plasma and human hepatocytes, with low clearance values

(Clint) in all species (Supplementary Information ST3). BT5528 is less
stable in mouse plasma probably because of the presence of the
esterase Ces1c, which is known to cleave the valine–citruline
peptide linker (35). BT5528 exhibits low plasma protein binding
(fup 0.32–0.49) in mouse, rat, cynomolgus, and human (Supple-
mentary Information T3).

In vivo pharmacokinetic parameters of BT5528 were determined in
mouse, rat, and cynomolgus monkey plasma following intravenous
administration at 1 mg/kg. Plasma concentration–time curves and PK
parameters provide evidence of similar PK profiles for both rodent and
nonrodent species (Supplementary Information S1 and T4). Intact
BT5528 demonstrated a peptide-like PK profile across species with
short terminal half-lives: 0.4 hours (mouse), 0.3 hours (rat), and
0.6 hours (nonhuman primate) with a low rate of payload release in
plasma (Supplementary Information S1 and T4). FreeMMAEwas also
measured in plasma, but observed levels were low and decreased
rapidly after dosing (Supplementary Information S1 and T4).

In contrast to the peptide-like PK profile, we observe with BT5528,
MEDI-547 exhibited a typical ADC-like profile following dosing to
patients (30). Thirty minutes after intravenous administration at
0.08 mg/kg mean MEDI-547 levels were 2.14 mg/mL. Three days after
dose parent drug concentrations were still 0.67 mg/mL, implying a
terminal half-life in excess of 24 hours. In contrast, plasma concen-
trations forMMAFmetabolites were below the lower limit of detection
(0.2 ng/mL) at all time points in all patients (30). These results are as
expected for the stable maleimidocaproyl (mc) linker, which was
designed to resist extracellular cleavage and release payload following
receptor internalization and cleavage in the lysozyme.

The PK results therefore confirm that peptide and antibody toxin
delivery systems give rise to profoundly different in vivo PK profiles.

Figure 2A–D illustrate results from a PK/PD study in the PC3
xenograft model. PK results in the BT5528 xenograft study are
consistent with the BCY6064 biodistribution study described above:
transient parent drug and MMAE levels in plasma and plateau like
MMAE levels in tumor samples persisting to 48 hours and beyond
(Fig. 2A). In the same study we observed excellent tumor regression
using a low 0.5 mg/kg dose of BT5528 (Fig. 2B). MMAE acts as an
antimitotic agent, which causes mitotic arrest though inhibition of
tubulin polymerization.We used IHC staining for phosphohistone H3
(pHH3) in fixed PC3 tumors to demonstrate the accumulation of
mitotic cells during mitotic arrest brought on by MMAE levels in the
tumor xenografts. The tumor regression shown in Fig. 2B is thus
consistent with the progressively increased PHH3 staining (from early
time points to the final 48-hour time point) demonstrated in Fig. 2C
and D.

In vivo mechanism of action and efficacy studies
BTCs rely on toxin delivery via linker cleavage and release of a cell

penetrant microtubule inhibitor. It is therefore important to show that
in vivo efficacy is driven by targeted delivery to EphA2 expressing cells,
as opposed to nontargeted toxin release in the systemic circulation.We
therefore assessed in vivo potency in low, medium, and high cell line
derived xenograft (CDX) and patient-derived (PDX) models (Supple-
mentary Information T5a and T5b). Figure 3 illustrates the observed
relationship between EphA2 expression and efficacy. It is clear
from Fig. 3 that EphA2 expression is a key determinant of BT5528
efficacy in murine xenograft models. The complete in vivo dataset can
be found in Supplementary Information S2 and S3.

Further in vivo xenograft experiments were designed to increase our
understanding of the molecular mechanisms mediating Bicycle-based
toxin delivery and to compare BTC- and ADC-based toxin delivery.

Targeted Delivery of MMAE Using Bicycle Molecules
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Figure 4A illustrates growth curves in the PC3 model for BT5528
and BCY8245, an EphA2 nonbinder, (Supplementary Information
T1). BT5528 gives rise to 80% tumor regression following every week
intravenous dosing at 0.5 mg/kg. In contrast, at the same dose
BCY8245 exhibits antitumor activity that is statistically different from
vehicle responses but fails to achieve either tumor regression or tumor
stasis. At the lower dose (0.167mg/kg everyweek), BT5528 gives rise to
30% inhibition of tumor growth whereas at the same dose there is no
difference in tumor growth between the vehicle and BCY8245-treated
animals. The (limited) antitumor activity of BCY8245 is not surprising
considering its cleavable VC linker and low molecular weight.
BCY8245 rapidly distributes to tissues, including tumor tissue, where
we expect to see payload release mediated by extracellular proteases in
the tumor microenvironment. Similar observations have been made

with nontargeting ADCs in preclinical studies. For example, nonbin-
der control ADCs delivering MMAE payload via a Val-Cit linker
exhibit significant tumor growth reduction in the human tissue factor
(TF) positive BxPC-3 xenograft model (albeit with less efficacy than
the TF targeted ADC; ref. 36).

A key feature of our approach is to deliver a cell penetrant
toxin (MMAE) following linker cleavage in the tumor microenviron-
ment. We therefore used the PC3 model to make a pairwise compar-
ison between BT5528, delivering the cell penetrant toxin MMAE
and BCY10188, which delivers the noncell penetrant toxin
MMAF. Figure 4B shows the effect of replacing MMAE with the
noncell penetrant toxin MMAF. At all efficacious doses (0.33, 1.0, and
3.0 mg/kg every week), BT5528 gives rise to greater tumor growth
inhibition than BCY10188, presumably because MMAE, but not
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Figure 1.

HCS images showing anti-MMAE mAb
staining (green) following test compound
incubation with HT1080 cells: A, BT5528
(1 mmol/L); B, 1C1-MCMMAF (1 mmol/L);
C, nonbinder BTC BCY6079 (3 mmol/L);
D, MMAE (3 mmol/L); E, combined micro-
PET/CT image showing Ga-68 radiolabeled
BCY6099 exhibits high and specific tumor
targeting (max 12 � 6.3% ID/g, 30 minutes
postdose), low uptake in nontarget tissues
and rapid renal clearance. F, Quantification
of radiolabeled Bicycle binder in tumor and
blood.

MCT FIRST DISCLOSURES

Mol Cancer Ther; 19(7) July 2020 MOLECULAR CANCER THERAPEUTICS1388

D
ow

nloaded from
 http://aacrjournals.org/m

ct/article-pdf/19/7/1385/1864527/1385.pdf by guest on 29 June 2022



MMAF, gives rise to bystander activity in the tumor microenviron-
ment. There are two potential mechanism of BT5528 bystander
activity: extracellular linker cleavage and toxin penetration into neigh-
boring cells, or receptor internalization and intracellular linker cleav-
age followed by release of cell penetrant toxin from lysed cells. The
available data do not allow us to distinguish between these two
mechanisms and it seems likely that BT5528 activity is mediated by
toxin release following a combination of intracellular and extracellular
linker cleavage.

We also explored the effect of replacing the cleavable Val-Cit
linker with a noncleavable linker in the HT1080 model (Fig. 4C). As
expected, BCY6063 is completely ineffective at a dose (10 mg/kg
twice a week) 20-fold higher than a dose (3.0 mg/kg every week)
achieving complete regression by day 7 in the same model (Fig. 4C;
Supplementary Fig. S2).

To compare ADC and BTC targeting strategies, we explored the
effect of BT5528 and 1C1-mcMMAF in preclinical xenograft mod-
els. MEDI-547 gives rise to excellent activity in the PC3 model (29).
Our results (using 1C1-mcMMAF) replicated published results with
MEDI-547 (18, 29) and showed that ADC and BTC delivery
modalities are equipotent following comparable microtubule inhib-
itor doses: 1C1-mcMMAF 3.0 mg/kg every week; MMAF 0.06 mg/-
kg; BT5528 0.5 mg/kg every week, MMAE 0.08 mg/kg (Fig. 5A).
The quoted mg/kg figures are calculated after taking into account
the BT5528 1:1 toxin:Bicycle ratio and 1C1-mcMMAF 4:1 toxin:
antibody ratio.

Conceptual models and experimental data support the hypothesis
that low molecular weight peptide conjugates (molecular weight
4.4 kDa) achieve faster and greater tumor penetration and thus greater
efficacy than antibody conjugates (molecular weight �150 kDa). We

Figure 2.

BT5528 intravenous dosing at
0.5 mg/kg gives rise to transient
MMAE levels in plasma and persistent
exposure in tumor samples, efficacy
in the PC3 xenograft model,
and increased mitotic activity mea-
sured by PHH3 IHC staining. A,
PK profiles of BT5528 and MMAE in
plasma and MMAE in tumor samples
following dosing with BB5528.
Error bars indicate SD of n ¼ 3.
B, BT5528 gives rise to significant
antitumor activity in the PC3
model following 0.5 mg/kg weekly
dosing. Error bars indicate SD of
n ¼ 3 (� , P < 0.05; �� , P < 0.01;
��� , P < 0.001; two-way ANOVA
with Sidak's multiple comparisons
test). C, IHC pHH3 staining in
tumor sections following intravenous
dosing of BT5528 at 0.5 mg/kg.
D, pHH3þ quantification in tumor
sections following intravenous dos-
ing of BT5528 at 0.5 mg/kg. Error
bars indicate SD of n ¼ 3
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would expect this effect to be more pronounced in large, poorly
vascularized, tumors. We therefore tested BT5528 and 1C1-
mcMMAF in small and large NSCLC PDX models. Figure 5C
shows that BTC and ADC delivery give rise to broadly equivalent
tumor regression in small NSCLC PDX tumors but BT5528 is much
more effective than 1C1-mcMMAF in combating the growth of
large NSCLC PDX tumors.

After demonstrating antitumor activity in large tumors, we
wanted to determine if BT5528 has activity in a small tumor
metastatic setting. To do this we modeled disseminated disease
using intracardiac implantation of PC3 xenografts in mice and
monitored growth of bone metastatic lesions by bioluminescence
imaging. We initiated BT5528 treatment at two timepoints to
capture the inhibitory effect with different tumor burden levels
(15-fold difference in total tumor burden) and measured tumor
burden over three or four cycles of weekly BT5528 dosing. When
treatment was initiated with total tumor burden around 0.8 � 107

ph/seconds, we observed stasis over the 4-week treatment cycle
(Fig. 5C). In contrast, when BT5528 treatment was initiated in
animals with a larger tumor burden (12 � 107 ph/seconds), we
observed decreased tumor burden and return to baseline values
after three dosing cycles (Fig. 5C). Vehicle-treated animals exhib-
ited rapidly increased tumor burden throughout the study and all of
the animals succumbed by the end of the 4-week treatment period.
As expected, BT5528-treated animals exhibited significantly (P ≤
0.0001, Mantel–Cox test) improved survival compared with vehicle-
treated control animals (Fig. 5E).

Safety
The toxicology profile of the EphA2 ADC MEDI-547 included

bleeding and coagulation events in the rat, NHP, and human (30).
Our preclinical toxicology studies were therefore designed to iden-
tify both actual and incipient bleeding and coagulation toxicity
following repeat dosing in the rat and monkey. The MTD in the rat
was defined as 4 mg/kg following weekly dosing at 1, 2, and 4 mg/kg
dosing for 5 weeks. The MTD in cynomolgus monkeys was deter-
mined to be 1.5 mg/kg following 5 weekly doses of 0.75, 1.5, and

3.0 mg/kg. We observed no effect on coagulation parameters
[activated partial thromboplastin time (APTT), prothrombin
time (PT)] and no evidence of bleeding or hemorrhage based on
clinical signs and comprehensive gross- and histo-pathology assess-
ments at any doses (up to and exceeding the MTD) in the rat or
monkey (Fig. 6).

In both rat and monkey toxicology studies dose-limiting toxicology
arose from decreased erythrocyte and leucocyte counts, with neutro-
penia highlighted as the most noteworthy toxicologic finding. We also
observed histopathologic changes in tissues with a high mitotic rate
(e.g., bone marrow and lymphoid tissue). We attribute the observed
toxicology to nonspecific (antigen independent) linker cleavage and
toxin release in the systemic circulation. At doses up to and including
the MTD, there were minimal effects on organ weight in both tox
species and no significant macroscopic or microscopic findings in the
kidney or bladder.

Discussion
mAbs targeting cancer antigens offer an attractive approach to

delivering cytotoxic payloads to tumors without incurring unaccept-
able side effects in nontarget organs. However, antibodies have phy-
sico-chemical and ADME properties which limit their efficacy in
patients. The high molecular weight reduces the rate and extent of
drug transit from plasma to tumor and drives metabolism and
excretion through the liver, gall bladder, and GI tract. The plateau-
like PK profile and long in vivo half-life necessitates the use of protease
resistant linkers which only release payload following internalization
and degradation in the lysosomal compartment, limiting activity to
cells expressing the target antigen. In consequence, notwithstanding
some success in the clinic, ADCs have proved to be a safe but only
modestly effective way of administering high potency cytotoxic drugs
to patients.

Our results show that phage-derived peptides have physicochemical
characteristics that overcome some of the limitations inherent in
antibody-based payload delivery. High (12 � 6.3% ID/g) concentra-
tions of Bicycle peptide were found in implanted HT1080 xenografts

Figure 3.

EphA2 expression and tumor growth
inhibition in CDX and PDX xenograft
models are correlated. Y-axis: tumor
volumes (expressed as percentage of
D0 volume on D14-28). X-axis: EphA2
expression in CDX and PDX cell
lines (EphA2 receptor counts per cell,
measured by FACS).
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30 minutes after dose (Fig. 1E). This result is supported by bioanalysis
of tumor and plasma samples, which showed that BT5528 releases
MMAE payload in tumor and that released payload persists for long
periods following disappearance of parent drug from plasma (Fig. 1F).
In vivo xenograft experiments with cell permeable and cell imperme-
able auristatin analogues imply that BTC payload delivery gives rise to
both direct and bystander cell killing (Fig. 5B).

PDX models are characterized by heterogeneous cell populations
and differing levels of EphA2 expression. Consequently, agents that
exclusively target high EphA2 expressing cells will fail to kill stromal

and other cells with low levels of EphA2 expression. It is unclear if
the superior efficacy we observed with BT5528 (compared with the
EphA2 antibody conjugate) in a large tumor model (Fig. 5C) is
mediated by improved tumor penetration, or increased bystander
killing, or a combination of both effects.

A phase I study in patients with the EphA2 ADC MEDI-547 was
discontinued when patients suffered adverse events, including liver,
coagulation, and bleeding events at the starting dose (0.08mg/kg (30)).
No toxicologic findings were observed with animals administered 1C1
(anti-EphA2). Pharmacokinetic studies tracking parent conjugate

Figure 4.

BT5528 is efficacious in the PC3 xenograft model but control BTCs with noncleavable linkers and non-cell penetrant toxins lack comparable efficacy. A,
The nonbinding BTC, BCY8245, is less active than BT5528 in the PC3 model (group mean � SEM, n ¼ 5) at both 0.5 and 0.0167 mg/kg dosing level (� , P < 0.05;
�� , P < 0.01; two-way ANOVA with Sidak's multiple comparisons test). B, Replacement of the cell penetrant toxin (MMAE: BT5528) with the non-cell penetrant
toxin (MMAF: BCY10188) reduces activity in the PC3 model at 3, 1, and 0.33 mg/kg (group mean � SEM; n ¼ 5; � , P < 0.05; �� , P < 0.01; two-way ANOVA
with Sidak's multiple comparisons test). C, noncleavable linker chemistry abolishes activity in the HT1080 model; BCY6063, 10 mg/kg twice a week (group
mean � SEM, n ¼ 3).
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indicated that there was minimal or no dissociation of toxin from the
EphA2 antibody and concentrations of cleaved MMAF metabolites
were undetectable (30). The study authors therefore concluded that
intact ADC and not released toxin was responsible for the observed

toxicities (30). We observed no coagulopathy, DIC-like syndrome, or
changes in closely monitored clotting parameters over the course of
5 weekly doses of BT5528 in toxicology studies in the rat and monkey
(Fig. 6). These studies administered BT5528 doses, which on a mg/kg

Figure 5.

A–C, BT5528 and the EphA2 ADC 1C1-mcMMAF give rise to comparable efficacy in HT1080, PC3, and NSCLC PDX models with low initial tumor burden (tumor
volume < 300 mm3); but BT5528 exhibits superior efficacy in the NSCLC model with high initial tumor burden (tumor volume �800 mm3). A, BT5528 and 1C1-
mcMMAFefficacy in theHT1080model (groupmean�SEM; n¼ 3; � ,P<0.05; �� ,P<0.01).B,BT5528 and 1C1-mcMMAFefficacy in thePC3model (groupmean�SEM;
n¼ 5; � ,P <0.05; �� ,P <0.01).C,BT5528 and 1C1-mcMMAF efficacy in small (solid lines) and large (dashed lines) NSCLC (LU-01-0251) PDXs (group mean� SEM;
n ¼ 3–6; � , P < 0.05; �� , P < 0.01). Two-way ANOVA with Sidak's multiple comparisons test, compared with vehicle. D–E, BT5528 inhibits metastasis formation
and prolongs survival in the PC3 metastasis model. D, BT5528 1.5 mg/kg every week treatment significantly reduces the total tumor cell burden (luciferase
signal) in mandibles and femurs of mice with PC3 bone lesions (� , P < 0.05; mixed effects analysis from D14 to D35, n ¼ 5). E, 4 weekly doses of 1.5 mg/kg
BT5528 significantly increased the survival of mice with PC3 bone lesions (�� , P < 0.01; Mantel–Cox log-rank test).
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basis (and after standard allometric scaling) were eight and six times
higher (in the rat and monkey, respectively) than the 0.08 mg/kg
MEDI-547 dose that caused bleeding in patients after one or two doses
(Supplementary Information T6). In terms of delivered payload, the
BT5528 doses correspond to 53- and 39-fold more toxin payload (in
the rat and monkey, respectively) than was delivered to patients using
the EphA2 ADC (Supplementary Information T6). We attribute these
contrasting toxicology responses to differences in the PKprofiles of the
intact BTC and ADC auristatin conjugates. Antibody payload delivery
depends upon a plateau like PK profile that exposes target and
nontarget organs to intact conjugate for days not hours. In contrast,
BT5528 achieves prolonged toxin delivery to tumors, following tran-
sient exposure in plasma (Fig. 2A). Clinical testing inman is needed to
discover if this PK profile gives rise to a favorable efficacy and toxicity
trade-off in patients.

Taken together, these result supports the hypothesis that peptide-
based payload delivery may overcome some of the drawbacks clin-
icians and drug discovery groups have encountered developing EphA2
ADC therapies and that BT5528 exhibits a preclinical profile that
merits clinical evaluation in patients. A phase I trial in patients
commenced in Q4 2019.
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Figure 6.

BT5528 dosing to cynomolgus mon-
keys does not cause bleeding, coagu-
lation, or liver toxicity: D-dimer, APTT,
ALT, and AST responses (on day 32)
following low (0.75 mg/kg) and high
(1.5mg/kg) BT5528 intravenous dosing
to cynomolgus monkeys (three male
and three female) on days 1, 8, 15, 22,
and 29.
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