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ABSTRACT
◥

After significant effort over the last 30 years, antibody–drug
conjugates (ADC) have recently gained momentum as a thera-
peutic modality, and nine ADCs have been approved by the FDA
to date, with additional ADCs in late stages of development.
Here, we introduce dolaflexin, a novel ADC technology that
overcomes key limitations of the most common ADC platforms
with two key features: a higher drug-to-antibody ratio and a
novel auristatin with a controlled bystander effect. The novel,
cell permeable payload, auristatin F-hydroxypropylamide,
undergoes metabolic conversion to the highly potent, but less
cell permeable auristatin F to balance the bystander effect

through drug trapping within target cells. We conducted studies
in mice, rats, and cynomolgus monkeys to complement in vitro
characterization and contrasted the performance of dolaflexin
with regard to antitumor activity, pharmacokinetic properties,
and safety in comparison with the ADC platform utilized in the
approved ADC ado-trastuzumab emtansine (T-DM1). A HER2-
targeted dolaflexin ADC was shown to have a much lower
threshold of antigen expression for potent cell killing in vitro,
was effective in vivo in tumors with low HER2 expression, and
induced tumor regressions in a xenograft model that is resistant
to T-DM1.

Introduction
Conceptually, the benefits of an antibody–drug conjugate (ADC)

are straightforward: by employing a mAb that specifically recog-
nizes a tumor antigen, accumulation of the conjugated drug
in tumor cells can be achieved. In practice, the clinical success of
ADCs has been gaining momentum in recent years. Following
30 years of preclinical and clinical research (1), it is widely recog-
nized that the efficacy and tolerability of a given ADC are signif-
icantly influenced by the inherent characteristics of the linker-
payload platform (2, 3).

One limitation of the majority of ADC platforms is the inability
to increase the drug-to-antibody ratio (DAR) beyond values of
approximately 3–4. It has been reported with both the maytansines
and the auristatins that increased DAR correlates with increased
potency in vitro; however, efficacy and tolerability in vivo are
reduced as a result of poor physicochemical and pharmacokinetic
properties, such as aggregation and rapid clearance, resulting from
the higher drug load (4, 5).

Here, we report on the design and characterization of
dolaflexin�, a novel auristatin ADC platform, using a scaffold of
poly-1-hydroxymethylethylene hydroxymethylformal, also known
as fleximer, together with a novel auristatin drug, auristatin
F-hydroxypropylamide (AF-HPA). The high hydrophilicity and
polyvalency of the fleximer polymer allow for the preparation of ADCs
with DARs of 10–15. These ADCsmaintain excellent physicochemical
and pharmacokinetic properties and exhibit greater in vitro potency
and in vivo efficacy than ADCs with DARs of 3–4 in tumor xenograft
models, including models with low antigen expression. The novel
AF-HPA drug payload provides the opportunity for bystander
killing, which is beneficial for efficacy in tumors with heterogeneous
antigen expression, while eliminating the dose-limiting toxicity of
neutropenia commonly observed with the vcMMAE-based auris-
tatin ADC platform (6). Hence, the dolaflexin ADC platform has
the potential for an increased therapeutic index.

Materials and Methods
mAbs

Trastuzumab, rituximab, and ado-trastuzumab emtansine
(T-DM1) were purchased from Myoderm.

Synthesis of dolaflexin and dolaflexin ADCs
The preparation of dolaflexin is described in the Supplementary

Materials andMethods. The preparation of a typical dolaflexin ADC is
outlined below, and is represented in Fig. 1A, together with the overall
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chemical structure. The synthesis and characterization of rituximab-
dolaflexin were completed in an analogous manner.

Trastuzumab-dolaflexin (compound 1)
Trastuzumab (400 mg) was diluted with bioconjugation buffer

(50 mmol/L triethyl ammonium acetate and 1 mmol/L EDTA, pH
7) to make a 10 mg/mL solution, and 2.18 mg of TCEP (1.21 mL,
1.8 mg/mL, 2.75 equivalents) was added dropwise. The resulting
reaction mixture was stirred for 90 minutes. In a separate flask,

191.4 mg (on a dry basis) of dolaflexin (12.76 mL, 15 mg/mL, 7
equivalents) was diluted with 6.38 mL of bioconjugation buffer to
make a 10 mg/mL solution, and the pH was adjusted to 7 with 1 N
NaHCO3. After 90 minutes, the reduced trastuzumab solution was
added by peristaltic pump to the vigorously stirred dolaflexin solution
over approximately 15–20minutes. The reactionmixturewas stirred at
room temperature for an additional 45 minutes and excess maleimide
was quenchedby the addition of 99mgof L-cysteine (10mL, 10mg/mL,
50 equivalents). After stirring for an additional 30 minutes, the

A

B C

Auristatin F-hydroxypropylamide
(AF-HPA)

Auristatin F (AF)

Figure 1.

Synthesis of dolaflexin and dolaflexin ADCs. A, Synthetic steps and chemical composition of a dolaflexin ADC. B, The small-molecule cytotoxic release
products. C, A molecular modeling rendition of a dolaflexin ADC; green, antibody; blue, fleximer polymer; red, auristatin F-HPA. The dolaflexin molecules are
displayed as bound to cysteines on the heavy chain, however, in practice they are distributed across the eight cysteines that can be generated by reduction of
the interchain disulfides of the antibody.
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reaction mixture was adjusted to pH 5.8 with 1 mol/L acetic acid and
filtered through a 0.2 mm filter. The crude ADCwas purified byWCX-
HPLC (Thermo-Fisher ProPac WCX-10 column; mobile phase A,
20 mmol/LMES andmobile phase B, 20 mmol/LMES and 300 mmol/
L NaCl, with gradient 10%–65% B in 32 minutes). Fractions corre-
sponding to the desired product were pooled and concentrated by
tangential flow filtration using a 10 kDa MWCOmembrane, resulting
in trastuzumab-dolaflexin (54% yield; DAR, 12.6).

Analytic methods
Hydrophobic interaction chromatography

Analysis of unconjugated antibody and ADC by hydrophobic
interaction chromatography was accomplished by using a TSK-gel
Butyl-NPRColumn (4.6mm I.D.� 3.5 cm, 2.5mmparticle size, Tosoh
Biosciences) on a Shimadzu Prominence HPLC System. Mobile phase
A consisted of 1.5 mol/L ammonium sulfate and 25 mmol/L sodium
phosphate, pH7; andmobile phase B consisted of 22.5mmol/L sodium
phosphate, pH 7 and 10% isopropanol. A total volume of 20 mL of
sample diluted to 4 mg/mL with mobile phase A was injected.
Separation was achieved using a linear gradient from 100% mobile
phase A to 100% mobile phase B over 25 minutes with a flow rate of
1 mL/minute. The column was maintained at 35�C. Monitoring was
performed at 280 nm.

Reverse-phase high-performance liquid chromatography
Reverse-phase high-performance liquid chromatography (HPLC)

analysis of unconjugated antibody and ADC was carried out on a
Shimadzu Prominence HPLC System equipped with a Phenomenex
Aeris WIDEPORE XB-C8 Column (4.6 mm I.D. � 250 mm, 3.6 mm
particle size, Phenomenex). Mobile phase A consisted of water with
0.1% trifluoroacetic acid (TFA); and mobile phase B consisted of a 1:1
mix of acetonitrile and isopropanol with 0.1% TFA. Prior to
injection, the sample was diluted to 1 mg/mL with 50 mmol/L
triethylammonium acetate, pH 7, and 1 mmol/L EDTA and reduced
at room temperature for 60 minutes with dithiothreitol at a final
concentration of 20 mmol/L. A total of 20 mL of this reduced
solution was injected with separation performed using a linear
gradient from 5% mobile phase B to 60% mobile phase B at 1
mL/minute over 50 minutes at a column temperature of 70�C.
Monitoring was performed at 280 nm.

Size-exclusion chromatography
Size-exclusion chromatography was performed on a Shimadzu

Prominence HPLC System equipped with a Superose 12 10/300 GL
Column (GE Healthcare) held at 30�C. Monitoring was performed at
280 nm. The mobile phase consisted of 50 mmol/L sodium phosphate,
pH 7, and 150 mmol/L sodium chloride. A total volume of 20 mL of
sample diluted to 2 mg/mL with mobile phase A was injected and
chromatographed for 35 minutes at 0.75 mL/minute with monitoring
at 280 nm.

Weak cation-exchange chromatography
A Shimadzu Prominence HPLC equipped with a ProPac WCX-10

Column (4 mm I.D.� 250 mm, Thermo Fisher Scientific) was used to
compare the charge profiles of trastuzumab and trastuzumab-dola-
flexin. Mobile phase A consisted of 20 mmol/L MES, pH 5.8; and
mobile phase B consisted of 20 mmol/LMES, pH 5.8, and 300mmol/L
sodium chloride. A total quantity of 80 mg (20 mL, 4 mg/mL) was
chromatographed at 35�C using a linear gradient at 1mL/minute from
10% mobile phase B to 65% mobile phase B over 32 minutes after an
initial hold at 10% for 6minutes.Monitoringwas performed at 280nm.

Capillary isoelectric focusing
The isoelectric points of trastuzumab and trastuzumab-dolaflexin

were measured using capillary isoelectric focusing on a PA Plus 800
Pharmaceutical Analysis CE System (Sciex) installed with a Neutral
Capillary (50mmI.D.� 45 cm, BeckmanCoulter). The anolytewas 200
mmol/L phosphoric acid and the catholyte was 300 mmol/L sodium
hydrazide. Antibody and ADC solutions were desalted and concen-
trated to a range between 5 and 10 mg/mL. A sample volume of 10 mL
was mixed with 240 mL of an ampholyte solution containing Phar-
malyte 3-10 (GE Healthcare), 3 mol/L urea in Capillary Isoelectric
Focusing Gel (Beckman Coulter), and pI Markers (4.1, 9.5, and 10,
Beckman Coulter). Sample-ampholyte mixtures were introduced into
the capillary via pressure injection and focused for 15 and 30 minutes
at 25 and 30 kV, respectively. Monitoring was performed at 280 nm.

Determination of DAR
The DAR of trastuzumab-dolaflexin was measured by quantitation

of AF-HPA released from the ADC after exhaustive hydrolysis. A
1 mg/mL stock solution of ADC in water was diluted 50-fold with
0.5 mol/L sodium phosphate, pH 10.5 and heated at 60�C for 2 hours.
A calibration curve for AF-HPA was generated in a similar manner
by simultaneous hydrolysis of dolaflexin reference standard solutions
ranging from 1,000 to 50,000 ng/mL. The hydrolyzed ADC and
dolaflexin standard solutions were precipitated by acidification
of 40 mL of sample with 160 mL of 0.1% formic acid in acetonitrile
containing isotopically labeled AF-HPA internal standard at 5,000
ng/mL. Following centrifugation to pellet the precipitate, 10 mL of
the supernatant was analyzed by LC/MS on an AB Sciex Q3200
Qtrap mass spectrometer. Mass analysis was performed in MRM
mode to monitor for AF-HPA (803.5 m/z), AF-HPA internal
standard (809.1 m/z), and AF (746.2 m/z). The amount of AF-
HPA and AF released from the ADC was quantitated relative to the
standard curve generated from dolaflexin hydrolysis and DAR was
back-calculated from the original protein concentration of the ADC
(1 mg/mL).

Cell culture
Human cancer cell lines were purchased from the ATCC or DSMZ

and were cultured according to recommended specifications. All cell
lines weremaintained in a humidified incubator at 37�C, 5% CO2. Cell
line authenticationwas performed by short tandem repeat analysis and
Mycoplasma testing was performed (IDEXX BioAnalytics).

Cell binding
JIMT-1 breast carcinoma cells were grown to approximately

90% confluency and released from the plate surface using Accutase.
Cells were then washed once with ice-cold media, resuspended in
ice-cold media containing 6% goat serum, seeded at a density of
50,000 cells per well, and incubated on ice for 3 hours with a
range of trastuzumab-dolaflexin or trastuzumab concentrations
(0.01–500 nM). The cells were washed three times with 100 mL
ice-cold PBS, resuspended in 100 mL media with 2% goat serum and
5 mg/mL of Alexa Fluor 647–labeled goat anti-human IgG, and
incubated in the dark on ice for 1 hour. The cells were washed three
times with 100 mL ice-cold PBS and resuspended in 100 mL of ice-
cold PBS with 1% paraformaldehyde. The median fluorescence
value for each treatment was determined from 5,000 cells quantified
on a MACSQuant Flow Cytometer (Miltenyi Biotec). The Kd value
was calculated with GraphPad Prism Software (GraphPad Software
Inc.) by nonlinear regression using the one site-specific binding
model.
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Cell proliferation assay
The CellTiter-Glo Luminescent Cell Viability Assay (Promega) was

used to obtain IC50 values for test agents. Cells were seeded in 96-well
plates (5 � 103 cells/well). Following overnight incubation, cells were
treated with the test compounds at various concentrations and incu-
bated continuously for 72 hours (or 144 hours where indicated, due to
slower proliferation rate). In the bystander effect experiments, the cells
were treated for only 1 hour and then washed before the 72-hour
incubation; the IC50 values were higher in these experiments on
account of the shorter treatment period. IC50 values are expressed as
nmol/L antibody equivalents and were calculated with GraphPad
Prism Software (GraphPad Software Inc.) using 4-parameter, variable
slope, dose–response curve fitting algorithm. The methods for the
bystander effect studies are described in Supplementary Data.

In vitro metabolism assay for AF-HPA conversion to AF
N87 cells (7E6) in complete media were seeded into 150 mm plates

24 hours prior to performing the assay. On the day of the experiment,
media were replaced with 10 mL of 150 nmol/L AF-HPA in fresh
media. All timepoints, except t ¼ 0, were then incubated at 37�C for
4 hours for continuous exposure to the drug. The cells were then
washed three times with PBS (1�), covered with 10 mL complete
media, and returned to 37�C. Media and cells from one plate were
collected at the completion of each incubation time (4, 6, 24, and 48
hours). After media retrieval, cells were collected with aid of trypsin
(5 mL, 5 minutes, 37�C). Samples were collected and spun down in
centrifugation tubes at 1,000 rpm. Tubes containing cell culture
media and cell pellets were stored at �80�C until processing for LC/
MS analysis.

LC/MS assay for quantitation of AF-HPA and AF in vitro
Excess media was removed from the top of cell pellets prior to

addingwater (100mL), followed bymethanol (200mL). The samplewas
then stored at�20�C for 2 hours. After thawing, the sample wasmixed
and transferred to microtubes prior to adjusting the volume with 50%
methanol (to 400 mL). Methanol (200 mL) was added to the thawed
media (100 mL). All processed samples (media and cells) were cen-
trifuged at 13,000 rpm for 5minutes, prior to transferring 60mL of each
processed sample to a 96-well plate. Standards and QCs (30 mL) were
also transferred to the same plate and diluted with blank matrix from
the control cells (30mL). An internal standard (60mL) and 200mmol/L
ammonium acetate (5mL)were added to all samples prior to centrifug-
ing (15 minutes). The supernatant (10 mL) was then separated on a
BEH C4 column during LC/MS analysis.

In vivo studies
All animal studies were performed in compliance with the Animal

Welfare Act, the Guide for the Care and Use of Laboratory Animals,
and the Office of Laboratory AnimalWelfare. Protocols were reviewed
and approved by the Institutional Animal Care andUseCommittees of
the relevant facility.

In vivo efficacy in xenograft models
In vivo efficacy studies were carried out with female 8- to 12-week-

old CB.17 SCID mice at Charles River Laboratories. To establish
tumors, NCI-N87 or JIMT-1 cells (1� 107 in 50%Matrigel fragments)
were implanted subcutaneously into the flank of each mouse. Tumor
size was measured using calipers and tumor volume [(l � w2)/2] was
determined, where l (mm)was the longest andw (mm)was the shortest
dimension of the tumor. Tumorswere allowed to grow to a target range
of 100–150 mm3, and mice were randomized before treatment was

initiated.Mice received a single intravenous bolus injection ofADCs or
a dose every 8th day for a total of three doses, as indicated. Mice
injected with saline were used as vehicle control. For a partial response
(PR), tumor volume had to be 50% or less of its day 1 volume for three
consecutive measurements during the course of the study and equal to
or greater than 13.5mm3 for one ormore of these threemeasurements.
For a complete response (CR), tumor volume had to be less than 13.5
mm3 for three consecutive measurements during the course of the
study. A mouse with a CR at the termination of a study was also
classified as a tumor-free survivor. To facilitate the comparison of
doses relative to ADC dose and payload (toxin) dose, the following
values can be used: 1 mg/kg T-DM1 is equivalent to approximately 6.9
nmoles/kg of ado-trastuzumab ADC and approximately 24.1 nmoles/
kg of maytansine payload; and 1 mg/kg of trastuzumab-dolaflexin is
equivalent to approximately 6.9 nmoles/kg of trastuzumab-dolaflexin
ADC and approximately 86.9 nmoles/kg of AF-HPA payload.

Body weight and other toxicity symptoms were monitored. Mice
were sacrificed when tumor volume exceeded 800 mm3 (NCI-N87
models) or 1,000 mm3 (JIMT-1 model).

Cynomolgus single-dose toxicology
Female cynomolgus monkeys (n ¼ 4/group) were administered a

single dose of vehicle or trastuzumab-dolaflexin (0.67, 1.34, or
2.68 mg/kg antibody equivalents) via intravenous infusion. Mon-
keys underwent terminal necropsy on day 3 (n ¼ 2) or recovery
necropsy on day 22 (n ¼ 2). Clinical pathology samples were
collected once during acclimation, and on days 3, 8, 15, and 22.
Clinical observations were performed twice daily. Body weight was
measured once during acclimation on day �1 and once on the day
of necropsy. Monkeys that underwent recovery necropsy were also
weighed on days 3, 8, and 15.

Mouse single-dose toxicology
Female CD-1 mice (n ¼ 6/group) were administered a single

intravenous bolus tail vein injection of vehicle or trastuzumab-
dolaflexin (20, 30, or 40 mg/kg antibody equivalents). All mice
underwent detailed clinical observations and body weight measure-
ment up to day 21.

Rat single-dose toxicology
Female Sprague Dawley rats (n ¼ 6/group) were administered a

single intravenous bolus tail vein injection of vehicle or trastuzumab-
dolaflexin (2.5, 5, or 10 mg/kg antibody equivalents). All rats under-
went detailed clinical observations and body weight measurement up
to day 21.

Pharmacokinetics analysis of trastuzumab-dolaflexin
Mouse pharmacokinetics study

Female CD-1 mice were injected intravenously with 3 mg/kg of
trastuzumab-dolaflexin or T-DM1. To assess circulating levels of total
antibody, total drug, free AF-HPA, and free AF, blood was collected
from three mice via cardiac puncture into prechilled lithium heparin
tubes at the following timepoints: 5 minutes and 1 hour, 6 hours,
24 hours, 48 hours, 72 hours, 168 hours, 336 hours, 504 hours, and
672 hours post injection. Blood was processed for plasma within 30
minutes of collection.

Cynomolgus monkey pharmacokinetics study
Female cynomolgus monkeys were administered a 1-hour (�10

minutes) intravenous infusion of trastuzumab-dolaflexin via a periph-
eral vein using a pump at the following doses: 0.67, 1.34, or 2.68mg/kg.
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Blood samples were collected before infusions, and then 10 minutes
and 1 hour, 6 hours, 24 hours, 48 hours, 72 hours, 96 hours, 192 hours,
360 hours, and 528 hours post infusion. Four monkeys were used for
blood collections from 10 minutes to 48 hours, and twomonkeys were
used thereafter. Blood samples, approximately 0.5 mL, were collected
in prechilled lithium heparin tubes and processed for plasma within 30
minutes.

Quantitation of total antibody in plasma samples
Total trastuzumab concentration in plasma samples was measured

as follows: 96-well ELISA plates were coated with 1 mg/mL recombi-
nant ECD in 50 mmol/L carbonate/bicarbonate buffer, pH 9 for
2 hours at room temperature, washed four times with TBST, and
blocked with 3% BSA in TBST for 1 hour at room temperature. Plates
were washed four times with TBST. Plasma samples or standards were
diluted in TBST with 3% BSA and protease inhibitors and added to
plates either in triplicate (samples) or duplicate (standards), and then
incubated for 2 hours at room temperature. Plates were then washed
and incubated with anti-human IgG-HRP secondary antibody for
1 hour at room temperature. Plates were washed again, and then
tetramethyl benzidine substrate was added for color development. The
reaction was stopped by the addition of 0.2 N sulfuric acid.

Quantitation of free AF-HPA and free AF in plasma samples
Free AF-HPA and AF in plasma were quantitated by LC/MS. The

unconjugated auristatin payloads were extracted by addition of 0.1%
formic acid in acetonitrile containing 30 ng/mL of auristatin E to
plasma samples in a 4:1 ratio. Samples were mixed for 5 minutes,
followed by centrifugation at 13,000 � g for 15 minutes. A 10-mL
injection volumewas used to conduct LC/MS analysis. Quantitation of
AF-HPA andAFwas based on standard curves of each analyte ranging
from 0.5 to 1,000 ng/mL.

Quantification of total drug in plasma samples
Total drug present in plasma was determined by base-mediated

hydrolysis of the ester in the ADC, resulting in the liberation of AF-
HPA, which was quantified by LC/MS. Plasma samples (40 mL) were
incubated with 1 N NaOH (10 mL) for 2 hours at 60�C. The decoupled
AF-HPA payload was extracted by addition of 2.5% formic acid in
acetonitrile containing 100 ng/mL of auristatin E in a 4:1 ratio. Samples
were mixed for 5 minutes, followed by centrifugation at 13,000� g for
15 minutes. A 10-mL injection volume was used to conduct LC/MS
analysis. Quantitation of AF-HPA was based on a standard curve
ranging from 1 to 10,000 ng/mL.

Statistical analysis
For in vivo xenograft experiments, statistical analysis was performed

by the log-rank and Mann–Whitney tests using Prism v3.03 (Graph-
Pad Software).

Results
Trastuzumab-dolaflexin

The structure of trastuzumab-dolaflexin is shown in Fig. 1A. Dola-
flexin is a polymer that incorporates multiple monomers of distinct
structures. The average relative amounts of each monomer are repro-
ducible and controlled by the stoichiometry of the reactions, as well as
chromatographic purifications of the intermediates and final material.
On average, each dolaflexin polymer conjugated to an antibody
consisted of the following relative number of monomers: approxi-
mately 1–2 monomers containing a maleimide moiety conjugated to

the antibody via cysteine residues; approximately 35 unsubstituted
monomers, which are highly hydrophilic by nature of the hydroxyl
groups and acetal backbone; approximately 8–10 monomers that
incorporate a b-alanine moiety, are negatively charged at physiologic
pH, and contribute to hydrophilicity; approximately 0–1monomers in
which the maleimide moiety did not undergo bioconjugation with the
antibody and was capped as the cysteine adduct; and approximately
four monomers that incorporate an AF-HPA payload covalently
attached to the polymer backbone via a linker containing an ester
functionality. The two alcohols within each monomer are not equiv-
alent and, in practice, either alcohol can be functionalized; for clarity,
only one of the two alcohols is shown as substituted in Fig. 1A. The
DAR of the ADC was controlled by partial reduction of interchain
disulfides within the antibody to limit the number of reactive cysteines
generated; a typical DAR of 10–15 incorporates an average of 3–5
dolaflexin polymers per antibody. The ester moiety between the AF-
HPA payload and the polymer was highly stable in plasma (Supple-
mentary Table S2) and is readily cleaved upon internalization to release
the cell permeable payload AF-HPA (Fig. 1B). AF-HPA can be further
metabolized by amidolysis to the carboxylate-containing species AF
(Fig. 1B), which has reduced cell permeability associated with its
greater hydrophilicity and negative charge. The logD values as a
function of pH were calculated (ChemAxon software) for AF-HPA
and AF and were found to be similar to those for the well-known
auristatins MMAE and MMAF, respectively (Supplementary Fig. S1).
AF-HPA was found to be a substrate for Pgp efflux pumps,
whereas AF was not (Supplementary Table S3). A molecular model
of trastuzumab-dolaflexin is shown in Fig. 1C. For clarity, the dola-
flexin molecules are shown conjugated to cysteines in the heavy chain,
but in principle they are conjugated stochastically to any of the
cysteines generated from reduction of interchain disulfides.

Physicochemical characterization
Analysis by hydrophobic interaction chromatography (Fig. 2A)

shows an increase in hydrophobicity of the ADC relative to the
unconjugated antibody based on elution time, consistent with the
incorporation of multiple molecules of the highly hydrophobic AF-
HPA payload. The ADC was extensively conjugated, as unconjugated
antibody was negligible in the final product. A high degree of conju-
gation was also seen in reverse-phase HPLC after reduction (Fig. 2B),
where the majority of species observed were more hydrophobic than
the constituent light and heavy chains of the antibody alone. Trastu-
zumab-dolaflexin was primarily monomeric, as determined by size-
exclusion chromatography (Fig. 2C), with aggregation levels below
5%; this was also confirmed by analytic ultracentrifugation (method
provided in Supplementary Data). The effect of conjugating dolaflexin
on the charge profile of trastuzumab can be seen by cation-exchange
chromatography (Fig. 2D), with decreased elution time for the ADC,
suggesting a more negatively charged state relative to the antibody.
This result was consistent with the decreased pI of the ADC, as
observed by capillary isoelectric focusing (Fig. 2E), and was consistent
with the incorporation of dolaflexin, which contains negatively
charged carboxylate residues along the polymer backbone. Conjuga-
tion of the antibody resulted in the conversion of the five antibody
peaks around pI 8.53 to a large collection of peaks with lower pI around
7.48.

Trastuzumab-dolaflexin exhibits potent in vitro cytotoxicity
The binding of trastuzumab-dolaflexin was comparable with that

of unconjugated trastuzumab across a broad range of antibody
concentrations. Using an ELISA method (Fig. 3A), nonlinear
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regression analysis indicated comparable binding affinities (EC50)
of 0.014 nM for trastuzumab-dolaflexin and 0.010 nM for trastu-
zumab. As expected, rituximab did not exhibit any binding, which
confirmed assay specificity.

Similarly, trastuzumab-dolaflexin and unconjugated trastuzumab
also exhibited comparable binding to JIMT-1 breast cancer cells, which
express endogenous HER2, based on flow cytometry (Fig. 3B). Non-
linear regression analysis indicated comparable binding affinities
(EC50) of 5.4 nM for trastuzumab-dolaflexin and 3.5 nM for
trastuzumab.

The cytotoxicity of trastuzumab-dolaflexin in comparison with that
for T-DM1 was measured in 31 cancer cell lines established from
breast, gastric, lung, and ovarian cancers (Fig. 3C). An IC50 value of
1 nM or less was achieved in all breast cancer cell lines with at least
30,000 receptors, except one, and in all lung cancer cell lines with at
least 10,000 receptors, except one. Three gastric cancer cell lines with
approximately 20,000 HER2 receptors had similar IC50 values of
approximately 10 nM, whereas NCI-N87 cells had an IC50 value of
approximately 0.03 nM, likely due to the higher receptor number
(�870,000). Cell line names and IC50 values are shown in Supple-
mentary Table S1. Trastuzumab-dolaflexin was more potent than

T-DM1 in all cell lines tested (Fig. 3C). The broad range of fold
difference values (Supplementary Table S1) could reflect the different
linkers and toxins present in T-DM1 and trastuzumab-dolaflexin (as
opposed to simply higher DAR), which could be processed differently
among cell types. The cytotoxicity of trastuzumab-dolaflexin was
found to be target dependent, as the control dolaflexin ADC (ritux-
imab-dolaflexin) that did not bind the target cells was typically
approximately 1,000-fold less potent than trastuzumab-dolaflexin
(Supplementary Fig. S4).

Efficacy of trastuzumab-dolaflexin ADCs in a xenograft model
of human gastric cancer

HER2-amplified NCI-N87 human gastric cancer xenograft tumor–
bearing mice were treated once with vehicle (saline control), T-DM1
(10/0.17 mg/kg antibody equivalents/DM1 equivalents), or trastuzu-
mab-dolaflexin (1/0.065 and 3/0.20 mg/kg antibody/AF-HPA equiva-
lents). As a control, mice were treated with a nonbinding IgG1-
dolaflexin ADC (3/0.27 mg/kg antibody/AF-HPA equivalents), which
was administered every 8th day for a total of three doses. Trastuzumab-
dolaflexin (Fig. 4A) exhibited the greatest efficacy, with a 100%
regression response rate (10 CRs that were also tumor-free survivors
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Physicochemical characterization of trastuzumab-dolaflexin. A, Overlay of hydrophobic interaction chromatography chromatograms of trastuzumab-dolaflexin
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on day 75). Trastuzumab-dolaflexin administered at a single 1 mg/kg
dose was also active, resulting in 80% regressions that included seven
PRs and one CR. Both doses had significant survival benefit compared
with vehicle (P < 0.001, log-rank test) and were well-tolerated, with
maximum mean body weight loss within acceptable limits for all
groups. Clinical observations were unremarkable. Treatment with
T-DM1 resulted in 100% regressions, consisting of four PRs and five
CRs, one of which remained a tumor-free survivor on day 75. The
nonbinding control IgG1-dolaflexin group had no regressions and
slight tumor growth delay.

Efficacy of trastuzumab-dolaflexin ADCs in a xenograft model
of human breast cancer

The in vivo antitumor activity of trastuzumab-dolaflexin ADCs
was further evaluated in the HER2 (2þ) JIMT-1 human breast
cancer xenograft model, which has been shown to be intrinsically
resistant to T-DM1 (Fig. 4B; ref. 8). Tumor-bearing mice were
administered a single dose of vehicle (saline control), T-DM1 [20/
0.34 mg/kg (antibody equivalents/DM1 equivalents)], trastuzumab-
dolaflexin (0.3/0.019, 0.67/0.043, and 2/0.13 mg/kg antibody
equivalents/AF-HPA equivalents), or nonbinding control rituxi-
mab-dolaflexin (2/0.17 mg/kg antibody equivalents/AF-HPA
equivalents). Trastuzumab-dolaflexin was the only active agent in

this model. Treatment with 2 mg/kg resulted in a 100% regression
response rate (10 CRs that were also tumor-free survivors on day
69). The 0.67 mg/kg trastuzumab-dolaflexin dose resulted in four
of 10 PRs. Both doses produced tumor growth inhibition that
differed statistically from vehicle control (P < 0.001, Mann–
Whitney test). T-DM1 administered at a 10-fold higher antibody
dose than trastuzumab-dolaflexin (20 mg/kg) did not produce any
regressions, but overall survival differed significantly from vehicle
control (P < 0.05, log-rank test). Non-binding control rituximab-
dolaflexin administered at 2 mg/kg antibody dose was not active
and did not differ statistically from vehicle control (P < 0.05, Mann–
Whitney test).

MTD and pharmacokinetics of trastuzumab-dolaflexin ADC in
mice

Female CD-1 mice were treated with a single dose of vehicle or
trastuzumab-dolaflexin (20, 30, and 40 mg/kg antibody equivalents).
At the highest dose of 40 mg/kg, 1 mouse was found dead and another
becamemoribund andwas euthanized on day 17. All othermice on the
study survived. Average body weight loss was dose proportional and
reached the lowest value between days 5 and 9 (Fig. 5A). On the basis
of gross tolerability and body weight loss, the MTD was concluded to
be 30 mg/kg.
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In vitro characterization of trastuzumab (T)-dolaflexin conjugate. A, Trastuzumab-dolaflexin ADC (blue diamonds) and unconjugated trastuzumab (orange
diamonds) exhibited comparable binding to recombinant HER2 antigen. Binding wasmeasured for a series of antibody concentrations using ELISA. Rituximab (pink
open diamonds) served as a negative control, and no binding was observed. Error bars indicate SEM. B, Trastuzumab-dolaflexin ADC (blue diamonds) and
unconjugated trastuzumab (orange diamonds) exhibited comparable binding to cancer cells. Binding to JIMT-1 breast cancer cells was measured for a series of
antibody concentrations by flow cytometry. Error bars indicate SEM. C, Cytotoxicity of trastuzumab-dolaflexin (blue diamonds) and T-DM1 (orange circles) against
cancer cell lines representing breast, gastric, lung, and ovarian cancers. Cell lines with HER2 amplification are indicated by symbols with black border. HER2 receptor
numbers and IC50 values were determined as explained in the Materials and Methods section.
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After a single intravenous dose of either T-DM1 or trastuzumab-
dolaflexin at 3 mg/kg in mice, comparable total antibody pharmaco-
kinetic profiles were observed between these two groups, with a t1/2 for
total antibody of 10–15 days (representative data are presented
in Fig. 5B). The small-molecule release products, free AF-HPA and
free AF, were not detectable (below limit of quantitation), suggesting
little to no deconjugation of the drug from the ADC.

MTD of trastuzumab-dolaflexin ADCs in rats
Female Sprague Dawley rats were treated with a single dose of

vehicle or trastuzumab-dolaflexin (2.5, 5, and 10 mg/kg antibody
equivalents). At the highest dose of 10 mg/kg, hind paw swelling with
limb disuse was noted in 1 rat on day 13. This observation resulted in
unscheduled euthanasia. All other rats in the study survived. Average
body weight loss was dose proportional and reached nadirs on day 4
(Fig. 5C). The MTD was considered to be 5 mg/kg.

Tolerability and pharmacokinetics of trastuzumab-dolaflexin
ADCs in cynomolgus monkeys

All cynomolgus monkeys treated with a single dose of vehicle or
trastuzumab-dolaflexin (0.67, 1.34, and 2.68 mg/kg antibody equiva-
lents) survived until scheduled necropsy with limited body weight loss.
There were no test article–related findings on gross pathology. The
most notable clinical pathology findings at the 2.68 mg/kg dose level
were transient transaminase elevations (primarily aspartate amino-
transferase), which peaked at day 8 and normalized by day 22, and
moderately decreased platelet counts at day 8, which returned to
normal by day 15. No test article–related findings were observed in
HER2-expressing organs, including heart, lungs, and gastrointestinal
tract. Neutrophils were slightly increased in all treatment groups

(Fig. 5D), most notably on day 3, with no evidence of neutropenia
at any timepoint or dose level.

After a single dose of trastuzumab-dolaflexin in monkey, total
antibody and conjugated AF-HPA showed an approximately dose
proportional increase of exposure (Cmax or AUC). Linear pharmaco-
kinetics were suggested by similar clearances among the three tested
dose levels for both total antibody and total AF-HPA (Supplementary
Fig. S2). Free (unconjugated) AF-HPA and AF concentrations were
low (less than 2 ng/mL) at all doses tested (representative data for the
2.68 mg/kg dose are presented in Fig. 5E).

Dolaflexin exerts a novel controlled bystander effect
Because fleximer polymer ester linkages have been shown to be

highly stable in circulation and readily cleaved upon cell internaliza-
tion (9), we sought to identify a suitable auristatin derivative that could
be linked via an ester. We prepared and evaluated a number of novel
auristatin derivatives for in vitro potency, physicochemical properties,
and metabolic stability. Over the course of this effort, we identified the
novel derivative, AF-HPA [Fig. 6A (i)]. This molecule contains an
alcohol moiety, thereby allowing facile incorporation into the poly-
mer–drug conjugate via an ester linkage, and was found to be highly
potent and capable of bystander killing. Moreover, we observed that
AF-HPA could be readily metabolized to the corresponding carbox-
ylate derivate AF [Fig. 6A (ii)] in tumor cells.

We hypothesized that the membrane permeability of AF-HPA
would enable the “bystander effect” by which antigen-negative cells
are indirectly killed by the migration of payload released in neigh-
boring antigen-positive cells. The intracellular conversion of AF-HPA
to nonpermeable AFwould trap payload in the tumor cells and prevent
the undesired escape of toxin beyond the tumor, as well as prevent the
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passive distribution of the metabolite AF toxin to healthy cells after
tumor lysis.

We first confirmed that both payload forms are formed and can be
detected in cells upon incubation with trastuzumab-dolaflexin. As
shown in Fig. 6B, exposure of N87 cells to trastuzumab-dolaflexin
results in the formation of both payloads within the cell, with rapid
accumulation of the cell permeable AF-HPA and slow conversion to
the relatively cell impermeable metabolite, AF. We further confirmed
that both AF-HPA and AF were observed in tumors 48 hours after
mice were injected with trastuzumab-dolaflexin. Tumors and several
normal tissues were harvested and processed, and samples were
analyzed by mass spectrometry. Significant quantities of both AF-
HPA and AF were detected in tumors, and to a substantially lower
degree in some normal tissues (Fig. 6C). This result demonstrated that
the dolaflexin-based ADC dosed in vivo yielded two auristatins with
distinct, complementary biophysical properties.

We also tested the two auristatins for in vitro potency against a panel
of cancer cell lines. Consistent with the prediction that AF is less
membrane permeable and would be less effective in this cell-based
assay, AF-HPA wasmore potent than AF in every cell line tested by an
average of 8.3-fold (Fig. 6D). This is notable because previous findings
suggest that AF inhibits tubulin polymerization with a potency
comparable with that of its methyl ester membrane permeable deriv-
ative (10); thus, AF that is produced within the target cell should have
potency similar to (or even greater than, Fig. 6D) that of AF-HPA.

To test our hypothesis that dolaflexin-based ADCs would exhibit
bystander effect, we devised a coculture system with HER2-negative
MDA-MB-231 cells expressing red fluorescence protein and HER2-

positive NCI-N87 cells expressing GFP. Cell lines were treated with
trastuzumab-dolaflexin alone or in coculture (3:1 ratio of NCI-N87:
MDA-MB-231); see Supplementary Data for detailed methods. As
expected, trastuzumab-dolaflexin efficiently killed the Her2-positive
NCI-N87 cells regardless of the presence of MDA-MB-231 cells
(Supplementary Fig. S3C). Trastuzumab-dolaflexin did not kill
MDA-MB-231 cells when cultured alone, as expected; but strikingly,
trastuzumab-dolaflexin killed MDA-MB-231 cells when they were
cultured with NCI-N87 cells, with IC50 ¼ 6.5 nM (Fig. 6E and F;
Supplementary Fig. S3A). The nonbinding control ADC did not elicit
any appreciable cytotoxic effect in this system (Supplementary
Fig. S3B). Each of the bystander effect experiments (including control
treatments) was conducted at least three times, and the results were
comparable. Taken together, these data indicate that MDA-MB-231
cells were indirectly killed by a bystander effect via the antigen-positive
cells

Discussion
Dolaflexin is a novel ADC platform with a high DAR and a

controlled bystander effect, and provides excellent preclinical efficacy
and tolerability.

High drug loading will lead to increased cytotoxic effects, but when
this is accomplished using conventional technologies it is at the
expense of physicochemical properties. For both the established
maytansine (4) and vcMMAE auristatin (5) ADC platforms,
in vitro potency increases with increasing DAR. However, in vivo
efficacy decreases significantly for ADCs with a DAR above
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Figure 5.

Tolerability and pharmacokinetic profile of trastuzumab (T)-dolaflexin. A, Body weights of female CD-1 mice following a single intravenous administration of
trastuzumab-dolaflexin. All mice survived, except for two animals in the 40mg/kg group; thus theMTDwas determined to be 30mg/kg.B, Plasma concentrations of
total antibody, conjugated drug, and free drug in mice following a single intravenous administration of trastuzumab-dolaflexin or T-DM1 at 3 mg/kg antibody dose
(conjugated and free-drug analytes were not studied for T-DM1). C, Body weights of Sprague Dawley rats following a single intravenous administration of
trastuzumab-dolaflexin. All rats survived, except for one animal in the 10 mg/kg group; thus the MTD was determined to be 5 mg/kg. D, Neutrophil counts of
cynomolgusmonkeys following a single intravenous administration of trastuzumab-dolaflexin. E,Pharmacokinetics profile of trastuzumab-dolaflexin in cynomolgus
monkeys following a single intravenous administration at 2.68 mg/kg by antibody.
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approximately 4. Recently, it has been shown that the use of hydro-
philic linkers to compensate for payload hydrophobicity allows for the
preparation of auristatin ADCs with a DAR of up to 8. The in vitro and
in vivo efficacies of these ADCs were superior to that of ADCs with a
DAR of 4 (11).

We reported previously the application of a highly hydrophilic,
biodegradable polymer (fleximer) in an antibody-vinca drug conju-
gation platform, allowing for the preparation of ADCs with a DAR of
20 that maintained excellent physicochemical and pharmacokinetic
properties and displayed in vivo efficacy (9). In this study, we have
extended the use of fleximer to create dolaflexin, which incorporates a
novel auristatin analogue.

The threshold of antigen expression needed to achieve effective cell
killing with trastuzumab-dolaflexin was lower than that for T-DM1 in
both in vitro and in vivo systems. Trastuzumab-dolaflexin demon-
strated a cytotoxic effect in cell lines with target expression levels
significantly lower than those lines where a cytotoxic effect was
achievedwith T-DM1. In vivo, trastuzumab-dolaflexin yieldedmarked
antitumor activity in the N87 HER2-amplified xenograft model at
10%–30% of the antibody equivalent doses that were required for
T-DM1 activity.

Bystander capability of a payload is also an important consideration
for efficacy and tolerability (12, 13). Generally, payloads capable of
bystander effect are considered more efficacious, particularly in
tumors with heterogeneous antigen expression, but these payloads
are also less well-tolerated. In contrast, payloads that are incapable of
the bystander effect, due to their lack of membrane permeability, are

often better tolerated, but can be less efficacious or lead to less durable
responses. Two payloads which have been well characterized for their
contrasting properties and abilities to effect bystander killing are the
auristatins MMAE andMMAF.MMAE is reported to cause bystander
killing of neighboring antigen-negative cells due to its cell permeability
and lipophilicity (14). In contrast, MMAF was shown not to cause
bystander killing, which has been attributed to its reduced cell per-
meability associated with its greater hydrophilicity.

The dolaflexin platform provides a “controlled bystander” effect.
The released payload AF-HPA has a comparable lipophilicity and cell
permeability with that of MMAE, and, like MMAE, is capable of
bystander killing. However, metabolism of AF-HPA within the tumor
to AF, which has a lipophilicity and cell permeability very similar to
that of its close analogue MMAF, results in loss of the ability to
passively cross the cell membrane, like MMAF, and thereby loss of
bystander killing capability. The lack of cell permeability of AF,
together with the finding that it is not actively effluxed by Pgp
multi-drug resistance pumps, can contribute to accumulation and
retention of AF in tumors, consistent with increased activity observed
in resistant models with a dolaflexin ADC relative to T-DM1 reported
elsewhere (15). In addition, because of its reduced cell permeability,
free AF in plasma is less able to enter healthy cells, which may account
for the lack of neutropenia observed with the dolaflexin ADC.

The dolaflexin platform represents a novel approach toward ADCs
with distinct advantages. The highly hydrophilic fleximer polymer
provides a means to compensate for the high hydrophobicity of the
auristatin payload, allowing for the preparation of ADCs with
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Dolaflexin yields two auristatin variants and demonstrates a controlled bystander effect.A, Schematic of the production of two variants of auristatin from dolaflexin.
Ester hydrolysis yields AF-HPA, which is membrane permeable. Within the target cell, AF-HPA can be converted into the negatively charged and less cell permeable
AF by amide hydrolysis.B,Quantitation of AF-HPA andAF over time after exposure of N87 cells to trastuzumab-dolaflexin.C,BothAF andAF-HPAwere observed in
NCI-N87 tumor mouse xenografts after one administration of trastuzumab (T)-dolaflexin. Tumors and several normal tissues were harvested 48 hours after
intravenous injection of 0.67 mg/kg trastuzumab-dolaflexin. Tissues were processed and AF-HPA and AF were quantitated. D, In vitro potency of AF (orange
squares) and AF-HPA (blue diamonds) and the cell permeable AFmethyl ester (black triangles) across a panel of cancer cell lines. E and F,HER2-negative MDA-MB-
231 cells (red)were not directly killed by trastuzumab-dolaflexin, butwere indirectly killed in the presence of HER2-positiveNCI-N87 cells (green). NCI-N87 cellswere
plated in a 3:1 ratio to MDA-MB-231 cells in the coculture. E, Micrographs demonstrate the effect of 25 nM trastuzumab-dolaflexin. F, Measurements were of
confluency of red color, with error bars indicating SEM. Detailed methods and additional controls are provided in Supplementary Data.
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significantly higher DAR without sacrificing physicochemical and
pharmacokinetic properties. In turn, the more highly loaded ADCs
provide more efficient delivery of the cytotoxic payload to tumor cells,
thereby improving efficacy relative to conventional ADCs with a DAR
of 3–4, particularly in low antigen–expressing tumors. Despite the
higher DAR and increased potency of the dolaflexin ADCs, the
controlled bystander effect resulting from the novel AF-HPA payload
demonstrates the potential to increase tolerability and eliminate the
commonly observed dose-limiting toxicity of neutropenia associated
with other bystander-capable auristatin ADC platforms. Clinical
evaluation of the dolaflexin platform in the context of XMT-1536,
which targets NaPi2b, is ongoing, and results will be published in due
course (16).
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