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Abstract

Although antibody–drug conjugates (ADCs)find increasing
applications in cancer treatment, de novo or treatment-emer-
gent resistance mechanisms may impair clinical benefit. Two
resistancemechanisms that emerge under prolonged exposure
include upregulation of transporter proteins that confer
multidrug resistance (MDRþ) and loss of cognate antigen
expression. New technologies that circumvent these resis-
tance mechanisms may serve to extend the utility of next-
generation ADCs. Recently, we developed the quaternary
ammonium linker system to expand the scope of conjuga-
table payloads to include tertiary amines and applied the
linker to tubulysins, a highly potent class of tubulin binders
that maintain activity in MDRþ cell lines. In this work,
tubulysin M, which contains an unstable acetate susceptible

to enzymatic hydrolysis, and two stabilized tubulysin ana-
logues were prepared as quaternary ammonium-linked glu-
curonide-linkers and assessed as ADC payloads in preclin-
ical models. The conjugates were potent across a panel of
cancer cell lines and active in tumor xenografts, including
those displaying the MDRþ phenotype. The ADCs also
demonstrated potent bystander activity in a coculture model
comprised of a mixture of antigen-positive and -negative cell
lines, and in an antigen-heterogeneous tumor model. Thus,
the glucuronide–tubulysin drug-linkers represent a promis-
ing ADC payload class, combining conjugate potency in the
presence of the MDRþ phenotype and robust activity in
models of tumor heterogeneity in a structure-dependent
manner. Mol Cancer Ther; 17(8); 1752–60. �2018 AACR.

Introduction
In recent years, the tubulysins (1) have emerged as a com-

pelling antimitotic payload class for drug-targeting applica-
tions, in part due to their high free drug potencies and retention
of activity in multidrug resistant (MDRþ) cell lines (2).
Mechanistically, they exert cytotoxic activity through disruption
of microtubule dynamics resulting in collapse of the cytoskel-
eton, culminating in apoptotic cell death (3). Structurally, the
tubulysins are tetrapeptides derived from N-methyl-D-pipecolic
acid (Mep), L-isoleucine (Ile), tubuvaline (Tuv), and tubuphe-
nylalanine (Tup) residues (Tup is substituted for tubutyrosine
for the para-hydroxyphenyl-containing natural products).
The most potent naturally occurring tubulysins, such as tubu-
lysin D (1, Fig. 1), contain an N,O-acyl acetal functional group
at the tertiary amide junction between the Ile and Tuv residues
(4). Tubulysin D is reported to have EC50 values in the

picomolar range in cytotoxicity assays (1, 5), whereas the
corresponding secondary amide (tubulysin U, 2) is less potent,
with EC50 values typically in the nanomolar range (6, 7).
However, in 2007, two groups demonstrated that replacement
of the N,O-acyl acetal with a methyl group, creating N14-
desacetoxytubulysin H (hereafter referred to as tubulysin M,
Tub(OAc), or 3), resulted in minimal loss in potency (8, 9).

Although some evidence of activity was observed recently
for a systemically administered tubulysin analogue (10), in
many cases (11–13) tubulysins failed to provide a therapeutic
window, and like other similar highly potent antimitotics
(14, 15) may be too toxic for use as systemically administered
chemotherapeutics. As a consequence, tubulysins continue to
be investigated as payloads for a number of small molecule–
(12, 16) and antibody–drug conjugates (17–22). For ADC
applications, in which conjugates may be in circulation for
many days to weeks, particular attention must be paid to the
C11-acetoxy moiety in the Tuv residue, known to be an
important structural element for high potency in both natural
(23) and designed (19, 24) tubulysins. Loss of the acetate
functional group results in >100-fold drop in potency and
esterase-mediated deacetylation has been reported in plasma
stability experiments (25). A cocrystal structure of Tub(OAc)
bound to tubulin reveals that the C11-acetoxy resides at the
solvent interface and a hydrophobic pocket and lacks direct
contacts with the protein (26). To compensate for plasma
deacetylation, we envisioned two strategies for stabilization
of this moiety: replacement with a stable ethyl ether (5) and
conversion to a branched ester (6), as increased steric
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hindrance of an ester functional group often leads to decreased
esterase-mediated de-esterification (27–29).

The goal of this work was to evaluate the potential of tubulysin
ADCs for activity in MDRþ and antigen-heterogeneous tumor
models and to investigate the impact of replacement of the
tubuvaline acetate on conjugate activity. To achieve this, we
applied the glucuronide quaternary ammonium linker system
(30) to conjugate Tub(OAc) and the two stabilized analogues as
ADC payloads for evaluation in preclinical experiments. The
resulting conjugates displayed robust potency across a panel of
cell lines and xenografts, including those displaying the MDRþ

phenotype. TheADCs also demonstratedbystander effects in both
an in vitro coculture model and in vivo antigen-heterogeneous
tumor model. These studies demonstrate that the tubulysins are
an effective ADC payload to combine dual activity in MDRþ and
antigen-heterogeneous tumor models.

Materials and Methods
Preparation of ADCs bearing quaternary ammonium linkers

Tubulysin analogues 3 to 6 and glucuronide–tubulysin
linkers 7 to 9 shown in Fig. 1 were synthesized as previous-
ly described (31–33). Antibody–drug conjugates loaded at
8 drugs/mAb (DAR 8) were prepared as follows. To achieve
full reduction of the four native interchain disulfides, antibody

in a PBS solution was bound to a MabSelectSuRe protein
A column (GE Healthcare) and incubated with a large excess
of tris(2-carboxyethyl)-phosphine (TCEP) for 30 minutes.
The column was then washed thoroughly with PBS containing
5 mmol/L EDTA. The reduced mAb was eluted with 50 mmol/L
glycine (pH 3.0), and the eluate was neutralized with an addi-
tion of concentrated sodium phosphate buffer to a final for-
mulation of 80 mmol/L sodium phosphate, 50 mmol/L NaCl,
45 mmol/L glycine, 5 mmol/L EDTA, pH 7.4. Full reduction
was confirmed by reversed-phase chromatography. Fully re-
duced antibody at approximately 10 mg/mL was conjugated
with 10 molar equivalents (25% excess) of drug-linker as a
10 mmol/L DMSO stock. The resulting solution was vortexed
and left at room temperature for 15 to 30 minutes. The extent of
conjugation was assessed by reversed-phase chromatography,
and additional drug-linker was added as needed. Once all
available mAb cysteines were alkylated, excess drug-linker was
removed via incubation with activated charcoal. The ADC
was then buffer-exchanged into PBS using a NAP-5 desalting
column (GE Healthcare). The extent of aggregation was assess-
ed by size exclusion chromatography and in all cases mono-
meric ADCs were obtained. The final ADC concentration
was measured spectrophotometrically, and the resulting
ADCs (8-drugs/mAb) were sterile-filtered through a 0.22-mm
centrifugal filter and stored at �80�C. For 4-loaded conjugates
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Structures of tubulysin analogues and glucuronide–tubulysin drug-linkers.
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(DAR 4), the reduction step was carried out in solution
with substoichiometric TCEP to achieve partial reduction,
revealing on average 4-thiols per mAb, and the subsequent
conjugation, purification, and analysis were carried out as
described above.

In vitro cytotoxicity assays
In vitro potency was assessed on multiple cancer cell lines:

L540cy and L428 (Hodgkin lymphomas); Karpas299 (ana-
plastic large cell lymphoma (ALCL), originally provided by
Dr. Abraham Karpas, University of Cambridge, Cambridge,
UK), DEL, and DEL/BVR (ref. 34; anaplastic large cell lym-
phomas), HL60 and HL60/RV (acute myeloid leukemia lines),
and U266luc (luciferase-transfected multiple myeloma)
cell lines. The L540cy cell line was provided by Dr. Harald
Stein (Institute fur Pathologie, University of Veinikum
Benjamin Franklin, Berlin, Germany). The HL60/RV cell line
was provided by Dr. David A. Scheinberg (Memorial Sloan
Kettering Cancer Center, New York, NY). Karpas299, DEL, and
L428 cell lines were obtained from DSMZ. The HL60 cell line
and the U266 cells that were transfected with luciferase
to provide U266luc (35) were obtained from ATCC. L540cy,
L428, and Karpas299 cell lines were obtained in 2012. HL60
and U266 cell lines were obtained in 2013 and 2015, respec-
tively. The cell lines were authenticated by STR profiling at
IDEXX Bioresearch and cultured for no more than 2 months
after resuscitation. Cells cultured in log-phase growth were
seeded for 24 hours in 96-well plates containing 150 mL RPMI
1640 supplemented with 20% FBS. Serial dilutions of anti-
body–drug conjugates in cell culture media were prepared at
4� working concentrations, and 50 mL of each dilution was
added to the 96-well plates. Following addition of test articles,
cells were incubated with test articles for 4 days at 37�C.
After 96 hours, growth inhibition was assessed by CellTiter-
Glo (Promega), and luminescence was measured on a plate
reader. The EC50 value, determined in triplicate, is defined
here as the concentration that results in 50% reduction in cell
growth relative to untreated controls.

Tubulin fluorescence polarization competition-binding assay
Sheep brain tubulin (SBT) was obtained from Cytoskeleton,

and exact protein concentration was determined using the
DC protein assay (Bio-Rad Laboratories). Eight point serial dilu-
tions of test compounds were performed in assay buffer
(20 mmol/L PIPES, pH 6.9, 1 mmol/L EGTA þ 0.008% Tween
20) þ 60 nmol/L FITC-MMAF probe for competition represent-
ing a 2� assay concentration (highest amount 250 mmol/L and
dilutions occurring at 5� concentration). To initiate the assay,
15 mL of (2�) test compound dilution þ 60 nmol/L FITC-MMAF
was combined with 15 ml (2�) 600 nmol/L SBT in assay buffer in
thewells of a 384-well plate for afinal concentration of 30 nmol/L
FITC-MMAF, 300 nmol/L SBT, and 8 test compound concentra-
tion points performed in triplicate. The plate was covered, and
the binding competition was allowed to proceed for 1 hour at
room temperature with gentle shaking. Fluorescence polarization
was measured on an Envision multilabel reader (Perkin Elmer)
using an installed FITC FP dual mirror. Measurements of polar-
ization (milli-polarization units) are defined as (mP) ¼ 1,000
(S � G � P)/(S þ G � P), where S and P represent the parallel
and perpendicular background subtracted fluorescence count
rates following polarized excitation, and G (grating) is an instru-

ment-dependent factor calculated from pure fluorophore solu-
tion. Binding data were analyzed using GraphPad Prism soft-
ware. EC50 values for the given assay conditions were calculated
from a dose–response variable slopemodel given by the equation
[Y ¼ Bottom þ (Top � Bottom)/(1 þ 10((LogEC50-X) � HillSlope))].
The binding affinities for each analogue are expressed as a ratio
of the Tub(OAc) affinity, where RBA ¼ Tub(OAc) EC50/Tub
analogue EC50.

Mouse plasma stability experiments
Tubulysin ester stability was assessed in both free drug and

conjugate form. Tubulysin analogues Tub(OAc), Tub(OEt),
and Tub(OiVal) were incubated in mouse plasma or cell culture
media containing 20% fetal bovine serum at 37�C for 5 days. At
multiple time points (0, 1, 4, 8, 24, 48, and 120 hours) samples
were taken and diluted in ice-cold methanol. The protein
precipitates were removed by centrifugation at 12,000 � g for
10 minutes. The supernatant was collected and analyzed by
reversed phase UPLC (Waters Acquity H Class Alliance) with
mass spectrometric detection (Waters Xevo G2 TOF), counting
ions for intact drug and de-esterified Tub(OH). Tubulysin ester
stability in conjugate form was assessed by incubating DAR
8 anti-CD30 tubulysin ADCs in mouse plasma and analyzing
ester integrity of the conjugated drug over time. After 3 and
7 days of incubation at 37�C, plasma aliquots were purified
using anti-human capture affinity resin (IgSelect, GE Healthcare)
for two hours at 2 to 8�C. The bound samples were washed using
0.5mol/LNaCl and eluted using 50mmol/L glycine, pH3. Eluted
samples were deglycosylated using PNGase F (New England
BioLabs Inc.) and then reducedusing 5mmol/LDTT. Each sample
was analyzed using reversed-phased UPLC (PLRP xum, Agilent)
coupled with mass spectrometric detection (Waters Xevo G2-S
QTOF). Intact tubulysin ester (% ester intact) was calculated
using total ion counts of the drug-loaded light chain and heavy
chain species, assessed by a loss of 42 and 84 Daltons for Tub
(OAc) and Tub(OiVal), respectively.

In vivo xenograft models
All experiments were conducted in concordance with the

Institutional Animal Care and Use Committee in a facility fully
accredited by the Association for the Assessment and Accred-
itation of Laboratory Animal Care. Therapy experiments were
conducted in three xenograft models: L540cy (CD30þ/MDR�

Hodgkin lymphoma), DEL/BVR (CD30þ/MDRþ anaplastic
large cell lymphoma), and Karpas/KarpasBVR (CD30þ/
CD30�/MDR� anaplastic large cell lymphoma), an antigen-
heterogeneous model of bystander activity. Tumor cells, as a
suspension, were implanted subcutaneously in immunocom-
promised SCID mice. For the Karpas/KarpasBVR bystander
activity tumor model, implantation was performed with a
1:1 admixture of CD30þ Karpas299 and CD30� KarpasBVR
cells. Upon tumor engraftment, mice were randomized to
study groups once the average tumor volume reached approx-
imately 100 mm3. For all in vivo experiments, ADCs were
conjugated at 4-drugs/Ab as higher DAR 8 loading of drug-
linker 7 has been previously shown to decrease ADC exposure
(30). The ADCs were dosed once by intraperitoneal injection.
Tumor volume as a function of time was determined using the
formula (L � W2)/2. Animals were euthanized when tumor
volumes reached 1,000 mm3.
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Results
Drug-linker design

Early work on tubulysin natural products demonstrates the
importance of the C11-acetoxy group for high cellular potency
(23). Given the propensity of esters to hydrolyze in vivo,
commonly due to esterase activity, we generated tubulysin
analogues with stabilized moieties at the C11 position. Given
that the tubulysin M-tubulin cocrystal structure (26) indicates
that the acetoxy group lacks direct contacts and resides at the
interface between a hydrophobic pocket and solvent, we sur-
mised that conversion of the acetate to either a more sterically
hindered ester or an ether should be tolerated for tubulin
binding. To test this, we prepared and evaluated a panel of
tubulysin ether and ester analogues, with tubulysin ethyl ether
(Tub(OEt), 5) and tubulysin isovalerate (Tub(OiVal), 6)
emerging as leads (31). In the work presented here, we eval-
uated Tub(OAc) and the stabilized analogues, Tub(OEt) and
Tub(OiVal), as ADC payloads with emphasis on their activities
in MDRþ and antigen-heterogeneous models.

The tubulysin analogues were conjugated at their N-
terminal tertiary amine groups providing glucuronide quater-
nary ammonium drug-linkers 7 to 9. The glucuronide linker
system (32) is a hydrophilic, cleavable linker that exploits
intracellular b-glucuronidase to facilitate drug release. The
quaternary ammonium drug-linkers were prepared through
alkylation of a benzyl bromide intermediate with the tertiary
amine residue in the tubulysin analogues, as described in
the Supplementary Information. A self-stabilizing maleimide
(mDPR) was incorporated as the point of attachment between
the drug-linkers and antibody cysteine residues for enhanced
in vivo stability (36).

Tubulysin free drug potency and ester stability
Prior to evaluation as ADC payloads, tubulysins 3 to 6 were

screened as free drugs in vitro for cellular and biochemical
potency, as shown in Table 1. The analogues were evaluated
on a panel of lymphoma and leukemia cell lines, including
MDRþ L428 and HL60/RV cells. Consistent with previous
reports (19, 23, 24), the deacetylated tubulysin analogue
Tub(OH) was 70- to 1,000-fold less potent than the parental
drug. In contrast, the two stabilized analogues, Tub(OEt) and
Tub(OiVal), displayed levels of cytotoxic potency similar to
Tub(OAc) on L540cy, L428, and HL60 cell lines. On MDRþ

HL60/RV cells, Tub(OAc) was approximately 6-fold more
potent than Tub(OEt) and Tub(OiVal). Biochemical potency
was assessed using a competitive fluorescence polarization

tubulin binding assay. Consistent with the cell potency results,
deacetylated analogue Tub(OH) was noncompetitive in the
tubulin binding assay, highlighting the importance of an ether
or ester group at the C11 position. The stabilized analogues
Tub(OEt) and Tub(OiVal) displayed tubulin affinities of 0.89
and 0.26, respectively, relative to Tub(OAc), indicating a partial
diminution of tubulin affinity.

To confirm that the branched ester functional group in
Tub(OiVal) would enhance stability relative to the acetate
in Tub(OAc),multiple stability experiments were performed. Free
drugs Tub(OAc), Tub(OEt), and Tub(OiVal) were incubated for
5 days in cell culture media and mouse plasma at 37�C and
monitored for integrity at various time points. The ethermoiety in
Tub(OEt) was found to be completely stable in mouse plasma
(Fig. 2A) and cell culture media (Supplementary Fig. S1). The
branched ester group in Tub(OiVal) confers significantly
increased stability relative to the acetate in Tub(OAc). At
48 hours, Tub(OiVal) was 92% and 91% intact in cell culture
media and mouse plasma, respectively, compared with 46% and
54% acetate intact for Tub(OAc) (Table 1). We also assessed ester
stability as conjugated payloads, knowing that antibody conju-
gation can affect the stability of hydrolytically labile functional
groups (37). DAR 8 aCD30 ADCs bearing the gluc-Tub(OAc)
drug-linker 7 or gluc-Tub(OiVal) drug-linker 9 were incubated in
mouse plasma at 37�C. Samples were analyzed at 3 and 7 days of
incubation for ester integrity by mass spectrometry. As shown
in Fig. 2B, increased ester stability was observed for the conjugate
bearing Tub(OiVal), with 94% ester intact at 7 days. At the same
time point, the ester was 68% intact for the Tub(OAc) conjugate.
Thus, steric hindrance in the ester side-chain appears to increase
stability in cell culture media and plasma in free drug and
conjugated form. Finally, gluc-Tub(OAc) drug-linker 7 was
assessed for stability in vivo. Mice were dosed at 3 mg/kg with
conjugate bearing drug-linker 7, and ADC was analyzed for drug
integrity at 4 and 10 days after dose. The acetate in gluc-Tub(OAc)
was found to be 83% and 70% intact at 4 and 10 days after dose,
respectively (Supplementary Fig. S2).

Tubulysin ADCs in vitro cytotoxicity
Anti-CD30 DAR 8 conjugates loaded with drug-linkers 7

to 9 bearing potent tubulysins Tub(OAc), Tub(OEt), and
Tub(OiVal), respectively, were evaluated on a panel of CD30þ

lymphoma cell lines, including two MDRþ strains, and in an
antigen-heterogeneous in vitro model of bystander activity. In
the CD30þ, MDR� cell lines L540cy, Karpas299, and DEL, all
three tubulysin ADCs displayed potent cytotoxic activity with
EC50s in the single-digit ng/mL range, as shown in Table 2. The

Table 1. Free drug in vitro properties

Cytotoxicitya, relative tubulin binding affinity, and stability
% Intact at 48 hours, 37�C

Compound Drug L540cy, HL L428b, HL HL60, AML HL60/RVb, AML Tubulin RBAc Cell media Mouse plasma

3 Tub(OAc) 0.14 nmol/L 0.039 0.15 1.0 1.0 46% 54%
4 Tub(OH) 19 62 11 >1,000 NCd NA NA
5 Tub(OEt) 0.086 0.13 0.093 5.8 0.89 100% 100%
6 Tub(OiVal) 0.062 0.11 0.045 5.8 0.26 92% 91%
aFollowing 96 hours treatment, cells were assessed for viability as described in the Materials and Methods.
bMDR-positive by rhodamine efflux.
cBiochemical potency: tubulin RBA ¼ ratio of Tub(OAc) EC50/Tub analogue EC50.
dNC, noncompetitive.
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ADC activities were immunologically specific, with EC50 >
1,000 ng/mL (the highest concentration tested) against the
CD30� U266luc cell line. In contrast, structure-dependent
activity was observed in the CD30þ, MDRþ DEL/BVR, and
L428 lymphoma cell lines. In this case, the Tub(OAc) conjugate
had the highest level of potency with EC50s of 3.3 and
0.46 ng/mL on DEL/BVR and L428, respectively. The ADC
bearing stabilized analogue Tub(OEt) was comparable with
the Tub(OAc) conjugate on DEL/BVR, but 10-fold less potent
on L428 cells. Finally, the aCD30 ADC containing Tub(OiVal)
stabilized analogue as the payload was less potent than the
Tub(OAc) counterpart on both MDRþ cell lines, with >100-fold
attenuation in activity observed.

The aCD30 tubulysin ADCs were further evaluated in a
heterogeneous CD30þ/CD30� coculture model of bystander
activity, in which a 1:1 mixture of CD30þ L540cy and CD30�

U266luc cells were treated with the conjugates. ADC payloads
endowed with bystander activity are capable of killing both
cell populations via diffusion of drug released in antigen-
positive cells (L540cy, in this case) to neighboring antigen-
negative (U266luc) cells (35). Dose–response curves for the
tubulysin ADCs are shown in Fig. 3. The CD30-targeted ADCs
(shown in closed symbols) composed of Tub(OAc), Tub(OEt),
and Tub(OiVal) potently inhibited the growth of both cell
populations, with the stabilized analogues providing a 2-
to 3-fold shift toward greater potency relative to Tub(OAc).

The non-binding control ADCs, shown as open symbols,
were inactive.

In vivo xenograft and tolerability experiments
The tubulysin ADCs were evaluated in three different xeno-

graft models: a CD30þ, MDR� L540cy Hodgkin lymphoma
model; a CD30þ, MDRþ DEL/BVR ALCL xenograft; and in the
MDR�, CD30þ/CD30� Karpas/KarpasBVR admixed xenograft
bystander activity model (38). Previous work established that
DAR 8 loading of drug-linker 7 resulted in decreased ADC
exposure (30); thus, the aCD30 ADCs were conjugated at 4
drugs/Ab with glucuronide–tubulysin linkers 7 to 9. Mice bear-
ing L540cy xenografts were administered a single i.p. dose once
the average tumor volume reached 100 mm3. Mean tumor
volume as a function of time is shown in Fig. 4A and B, and
complete regressions and cures are tabulated in Table 3. Fol-
lowing a single dose of 0.15 or 0.3 mg/kg, the Tub(OAc)
conjugate (aCD30-7) displayed a similar extent of averaged
tumor growth delay compared with Tub(OEt)-based aCD30-8
(Fig. 4A). At the higher dose of 0.3 mg/kg 1 of 6 and 2 of 6 mice
were cured for the Tub(OAc) and Tub(OEt) groups, respectively
(Table 3). Stabilized analogue Tub(OiVal) was compared
with Tub(OAc) at higher doses of 0.25 and 0.5 mg/kg, shown
in Fig. 4B. Here again, a similar level of antitumor activity
was observed for the aCD30-7 Tub(OAc) conjugate relative to
the aCD30-9 Tub(OiVal) comparator, with similar numbers of
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Figure 2.

Tubuvaline ester stability in mouse plasma at 37�C for (A) free drugs and (B) antibody–drug conjugates. A, Tubulysin free drugs were incubated in
plasma and assessed by LC/MS for structural integrity. The ether and hindered ester analogues displayed increased stability relative to Tub(OAc).
B, Anti-CD30 antibodies were conjugated at 8 drugs/Ab with drug-linkers 7 and 9. ADCs were incubated in mouse plasma and analyzed for ester
integrity at 3- and 7-day time points. The branched isovalerate ester at the tubuvaline residue in drug-linker 9 displayed improved stability relative to
the acetate in drug-linker 7.

Table 2. EC50 valuesa (ng ADC/mL) for aCD30 glucuronide-based DAR 8 ADCs

ADC cytotoxicity
ADC: aCD30-7 aCD30-8 aCD30-9

CD30 expression, MDR status Cell line payload: Tub(OAc) Tub(OEt) Tub(OiVal)

CD30þ, MDR� L540cy, HL 1.1 ng/mL 4.6 2.1
Karpas299, ALCL 0.65 0.93 0.90
DEL, ALCL 2.1 1.8 0.90

CD30þ, MDRþ DEL/BVR, ALCL 3.3 4.7 390 (48%)b

L428, HL 0.46 (17%) 4.3 (29%) >1,000 (58%)
CD30�, MDR� U266luc, MM >1,000 >1,000 >1,000
1:1 CD30þ:CD30�, MDR� 1:1 L540cy:U266luc 5.6 2.4 1.8
aCells were treated for 96 hours, then assessed for cell viability as described in Materials and Methods.
b%Viability is shown when >10% at the highest dose tested.
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mice cured at both doses (Table 3). In conclusion, in the MDR�

model, all three aCD30 tubulysin ADCs displayed similar
potencies.

The tubulysin conjugates were then evaluated in MDRþ and
antigen-heterogeneity resistance models. SCID mice xeno-
grafted with CD30þ, MDRþ DEL/BVR anaplastic large cell
lymphoma tumors were administered a single i.p. dose when
tumor volumes reached 100 mm3, as shown in Fig. 4C. The
Tub(OAc) aCD30-7 conjugate was curative in 5 of 5 animals
when dosed at 1 mg/kg. The stabilized analogues were less
potent at equivalent or similar doses, with 1 of 5 and 1 of
6 mice cured (Table 3) in groups treated with ADCs bearing
Tub(OEt) and Tub(OiVal), respectively. Bystander activity in
a heterogeneous tumor model was assessed in the Karpas/
KarpasBVR admixed tumor xenograft. In this MDR-negative
model, tumors are composed of a 1:1 mixture of CD30þ

Karpas299 cells and CD30� KarpasBVR cells, which evolved
resistance to continuous brentuximab vedotin exposure
through downregulation of CD30 (38). Mice bearing hetero-
geneous tumors were treated once i.p. with aCD30 tubulysin
conjugates, tumor volume as a function of time for each
animal is plotted in Fig. 4D following the 0.5 mg/kg dose. In
all three treatment groups, most of the animals experienced
complete regressions; however, the effects appeared to be more
durable for those treated with ADCs composed of the stabi-
lized tubulysins (Table 3).

To approximate the therapeutic window of the tubulysin
ADCs, humanized IgG DAR 4 conjugates bearing Tub(OAc)
drug-linker 7 or Tub(OEt) drug-linker 8 were evaluated
for tolerability in Sprague–Dawley rats. Stabilized payload
Tub(OEt) was prioritized over Tub(OiVal) due to the
improved activity of the former in the MDRþ cell lines
(Table 2). As described in the Supplementary Information,
rats (n ¼ 3) were administered a single 10 mg/kg i.v. dose of
conjugate and monitored for clinical observations and weight
loss as a function of time. Over the course of the 28-day
experiment, weight loss (Supplementary Fig. S3) or outward

signs of toxicity were not observed. Thus, the tubulysin ADCs
were highly potent in the xenograft models at well-tolerated
dose levels.

Discussion
As ADCs (39) find increased clinical application, de novo or

treatment-related resistance mechanisms could limit patient
benefit and new technologies that circumvent these factors
may be important design considerations for next-generation
ADCs. Two resistance mechanisms that emerge under pro-
longed exposure to monomethylauristatin E (MMAE)-based
ADCs like brentuximab vedotin and pinatuzumab vedotin
include upregulation of ATP-binding cassette (ABC) efflux
pumps that confer the MDRþ phenotype and downregulation
of CD30 expression (34, 38, 40, 41). These findings, coupled
with the observation that some solid tumors are MDRþ and/or
display antigen heterogeneity initially (42–44), inspired us to
evaluate alternative antimitotic payloads capable of regressing
MDRþ tumors and exerting bystander effects.

The tubulysins are a compelling class of cytotoxics, in part
due to their high free drug potencies and retention of activity in
MDRþ cell lines, properties required to overcome the afore-
mentioned resistance mechanisms. For use in antibody–drug
conjugates, careful attention must be paid to the hydrolytically
unstable ester groups present in many of the most potent
natural products, as antibodies (and ADCs) are known to
remain in circulation for many days. Early SAR work estab-
lished the N,O-acyl acetal at the Ile-Tuv tertiary amide junction
as nonessential for high potency (8, 9). However, replacement
of the C11-acetoxy group with complete retention of potency
has proven more difficult. Several acetate isosteres, including
amides (45), carbamates (19, 25, 46), and ethers (7, 45–47),
have been tried with mixed results. Conversion of the tubulysin
acetate to the corresponding acetamide resulted in decreased
free drug potency (45). Cong and coworkers replaced the TubM
acetate with an N-methyl carbamate and observed a 5-fold
reduction in drug potency (46). More recently, Tumey and
coworkers reported on the substitution of the acetate in a
tubulysin analogue to an N-ethyl carbamate for ADC applica-
tions, observing comparable in vitro free drug potency and
enhanced plasma stability (25). However, while the resulting
ADCs proved potent and selective, the authors noted that this
approach did not offer an improvement in activity in vivo.

Tubulysin analogues in which the acetate has been replaced
with an ether moiety are known (7, 45, 46). Recently, Staben and
coworkers reported on the replacement of the TubM acetate with
an ether to overcome in vivo deacetylation of MC-ValCit-TubM
ADCs (22). In this case, theN-methyl group at the Ile-Tuv tertiary
amide junctionwas replacedwith anN-propyl group, and theC11
acetate was substituted with a propyl ether. Anti-CD22 ADCs
containing the tubulysin propyl ether were found to be slightly
less potent than the MMAE comparator in the MDR-negative
lymphoma model. Whereas in the MDRþ lymphoma tumor
model the tubulysin propyl ether ADC induced transient tumor
growth delay at the highest dose tested and the activity exceeded
that of the comparator bearing MMAE, a payload known to
possess bystander effects (38) but attenuated activity in MDRþ

models (35, 41, 48). The propyl ether was posited as a stabilized
improvement over TubM, enabling activity inmultidrug-resistant
tumors.However, TubMwasnot included in theMDRþ xenograft,
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Figure 3.

In vitro activity of aCD30 DAR 8 ADCs bearing glucuronide-tubulysin drug-
linkers containing the acetate (7), ethyl ether (8), and isovalerate (9)
functional groups in a model of bystander activity. A 1:1 mixture of CD30þ

L540cy and CD30� U266luc cells were treated with ADCs for 96 hours,
and then cellular growth inhibition was assessed as described. All three
tubulysin ADCs displayed immunological specificity, with increased potency
observed for conjugates bearing the drug-linkers (8 and 9) containing
stabilized analogues.
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making it unclear if the stabilized analogue offers an improve-
ment in activity in the resistant in vivo model.

In contrast, we found MDRþ models to be more sensitive to
Tub(OAc) (or TubM) ADC relative to those composed of
stabilized analogues, Tub(OEt) and Tub(OiVal). As free drugs,
Tub(OAc) was marginally more potent than the stabilized
analogues Tub(OEt) and Tub(OiVal) on the MDRþ cancer cell

lines (Table 1). As anti-CD30 ADCs, the differences were more
pronounced. While similar in MDRþ DEL/BVR, Tub(OEt)-
based ADC aCD30-8 was �10-fold less potent on MDRþ

L428 cells than the Tub(OAc) comparator (Table 2). The
stabilized ester Tub(OiVal)-based conjugate, aCD30-9, was
attenuated in both MDRþ cells lines, with EC50s > 100-fold
less potent than the Tub(OAc) version (Table 2). In vivo,

Table 3. Summary of in vivo activity for aCD30 glucuronide–tubulysin DAR 4 ADCs

ADC: aCD30-7 aCD30-8 aCD30-9
payload: Tub(OAc) Tub(OEt) Tub(OiVal)

Xenograft Dose (mg/kg) n/group CRa Cures CR Cures CR Cures

CD30þ, MDR� L540cy HL 0.15 6 0 0 1 0
0.3 6 1 1 2 2
0.25 6 1 1 1 1
0.5 6 6 4 4 3

CD30þ, MDRþ DEL/BVR ALCL 1 5 5 5 2 1
1.2 6 1 1

1:1 CD30þ:CD30� 0.5 5 3 1 5 4 4 3
Karpas/KarpasBVR bystander model 1.5 5 3 0 4 3 5 4
aComplete regression observed following ADC treatment and includes durable and transient complete regressions.

CD30+, MDR– L540cy HL xenograft model

6050403020100
0

200

400

600

800

1,000

Days post implant

Days post implant Days post implant

Days post implant

Rx

Untreated

Tub (OAc)

Tub (OEt)

CD30+, MDR– L540cy HL xenograft model

6050403020100
0

200

400

600

800

1,000

M
ea

n 
tu

m
or

 v
ol

um
e 

(m
m

3 )

M
ea

n 
tu

m
or

 v
ol

um
e 

(m
m

3 )
M

ea
n 

tu
m

or
 v

ol
um

e 
(m

m
3 )

Tu
m

or
 v

ol
um

e 
(m

m
3 )

Rx

Untreated

Tub (OAc)

Tub (OiVal)

CD30+/CD30– ALCL bystander activity model

706050403020100
0

200

400

600

800

1,000

1,200

Rx

Untreated Tub (OAc)

αCD30-9, 0.5 mg/kg
Tub(OiVal), 3/5

αCD30-8, 0.5 mg/kg

αCD30-7, 0.5 mg/kg

αCD30-9, 1.2 mg/kg

αCD30-7, 0.3 mg/kg
αCD30-7, 0.5 mg/kg

αCD30-7, 0.25 mg/kg

αCD30-9, 0.5 mg/kg

αCD30-9, 0.25 mg/kg

αCD30-7, 0.15 mg/kg

αCD30-8, 0.3 mg/kg

αCD30-8, 0.15 mg/kg

αCD30-7, 1 mg/kg

αCD30-8, 1 mg/kg

Tub (OEt), 5/5

CD30+, MDR+ DEL/BVR ALCL xenograft

6050403020100
0

200

400

600

800

1,000

1,200
Untreated

Rx

Tub (OiVal)

Tub (OAc)

Tub (OEt)

A B

DC

Figure 4.

Antitumor activities of anti-CD30 conjugates bearing glucuronide–tubulysin linkers loaded at 4 drugs/Ab. In each experiment, mice were administered
a single intraperitoneal dose once average tumor volume reached 100 mm3. Plotting was discontinued once tumor volume exceeded 1,000 mm3 for
at least one animal in A–C. A and B, Mice bearing CD30þ, MDR� L540cy Hodgkin lymphoma xenografts were treated with conjugates containing the
tubulysin acetate (drug-linker 7) and ethyl ether (drug-linker 8) in A, whereas tubulysin acetate (drug-linker 7) and tubulysin isovalerate (drug-
linker 9) were compared in B. All three conjugates displayed similar potency in the MDR� Hodgkin lymphoma model. C, Mice bearing CD30þ, MDRþ

DEL/BVR anaplastic large cell lymphoma xenografts were cured (5 of 5 animals) following treatment with conjugate bearing the tubulysin acetate
(drug-linker 7), whereas the stabilized analogues provided tumor growth delay. D, All three conjugates bearing tubulysin linkers displayed activity in the
CD30þ/CD30� admixed tumor model of bystander activity, with a greater fraction of mice cured (see Table 3) following treatment with the
stabilized tubulysin analogues.
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Tub(OAc)-containing aCD30-7 was more active than the sta-
bilized conjugates in the MDRþ DEL/BVR xenograft (Fig. 4C).
The origins of these differences are unclear at this time but may
be due to differences in tubulin binding affinities and suscep-
tibility to efflux transporters.

While the Tub(OAc) conjugate was more potent in MDRþ

experiments, the bystander activity models were more sensi-
tive to aCD30 ADCs bearing stabilized tubulysins. In an
in vitro coculture model, conjugates bearing stabilized ana-
logues Tub(OEt) and Tub(OiVal) were equipotent, while the
Tub(OAc) ADC was 2- to 3-fold less potent (Table 2; Fig. 3).
This trend translated in vivo. In the ALCL bystander activity
model (Fig. 4D) composed of CD30þ and CD30� tumor cells,
a single dose of 0.5 mg/kg of aCD30 ADCs bearing either
Tub(OEt) or Tub(OiVal) resulted in cures in most of the mice,
whereas the Tub(OAc) conjugate provided transient regres-
sions with 1 of 5 mice cured (Table 3). We hypothesize that
these activity trends may be due to Tub(OAc) deacetylation
and physicochemical differences between the tubulysin ana-
logues. To exert a bystander effect, the tubulysin payload
must internalize into a CD30þ cell, traffic to lysosomes for
payload release, diffuse out of the CD30þ cell into the cell
culture media (in vitro) or extracellular matrix (in vivo), and
then diffuse into a proximal CD30� cell to achieve a cell kill in
the untargeted, antigen-negative population. Cumulative loss
of the acetate from the CD30-delivered Tub(OAc) relative to
the stabilized analogues may contribute to the decrease in
potency. By way of illustration, the ester group in Tub(OAc)
was 54% hydrolyzed over 48 hours in cell culture media
(Table 1) compared with 8% for Tub(OiVal) under the same
conditions. Physicochemical properties may also be playing a
role, as increased analogue hydrophobicity would facilitate
diffusion across plasma membranes. For example, the hydro-
phobicity as estimated by cLogP for Tub(OEt) and Tub(OAc) is
2.9 and 2.4, respectively, perhaps endowing greater diffusivity
for the stabilized analogue.

Based on the composite activity data, the Tub(OAc) and
Tub(OEt) linkers emerged as the leads and were assessed for
rat tolerability. A single i.v. dose at 10 mg/kg of aCD30-7 or
aCD30-8 was well tolerated, providing evidence of >10-fold
therapeutic window in rodents for these new technologies.
A more detailed toxicological evaluation would be warranted
in the context of an ADC progressing toward clinical trials.
Selection of a preferred tubulysin linker in that scenario would
likely be a function of antigen target characteristics and indi-
cation-specific tumor biology. The tubulysin payload leads
described here displayed activity in preclinical models of mul-
tidrug resistance and antigen heterogeneity and are the subject
of ongoing investigation for future ADC programs.
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