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Abstract

Antibody-drug conjugates (ADC) are emerging as powerful presence of antibody, TF demonstrated more efficient internali-
cancer treatments that combine antibody-mediated tumor target- zation, lysosomal targeting, and degradation than EGFR and
ing with the potent cytotoxic activity of toxins. We recently HER2. By conjugating TF, EGFR, and HER2-specific antibodies
reported the development of a novel ADC that delivers the with duostatin-3, a toxin that induces potent cytotoxicity upon
cytotoxic payload monomethyl auristatin E (MMAE) to tumor antibody-mediated internalization but lacks the ability to induce
cells expressing tissue factor (TF). By carefully selecting a TF- bystander killing, we were able to compare cytotoxicity of ADCs
specific antibody that interferes with TF:FVIla-dependent intra- with different tumor specificities. TF-ADC demonstrated effective
cellular signaling, but not with the procoagulant activity of TF, killing against tumor cell lines with variable levels of target
an ADC was developed (TF-011-MMAE/HuMax-TF-ADC) that expression. In xenograft models, TF-ADC was relatively potent
efficiently kills tumor cells, with an acceptable toxicology profile. in reducing tumor growth compared with EGFR- and HER2-
To gain more insight in the efficacy of TF-directed ADC treatment, ADCs. We hypothesize that the constant turnover of TF on
we compared the internalization characteristics and intracellular tumor cells makes this protein specifically suitable for an ADC

routing of TF with the EGFR and HER2. Both in absence and approach. Mol Cancer Ther; 14(5); 1130-40. ©2015 AACR.

Introduction

Therapeutic antibodies are currently used in the clinic to treat a
variety of diseases, including cancer. The tumor-killing capacity of
therapeutic antibodies can be greatly enhanced by conjugation
with cytostatic toxins, this way combining antibody-mediated
tumor targeting with the potent cytotoxic activity of toxins.
This was also demonstrated through the FDA approval of bren-
tuximab vedotin, a CD30-specific antibody coupled to the potent
microtubule disrupting agent monomethyl auristatin E (MMAE),
for the treatment of patients with Hodgkin lymphoma or ana-
plastic T-cell lymphoma (1). In addition, the approval of trastu-
zumab emtansine (T-DM1), an antibody-drug conjugate (ADC)
composed of the HER2 antibody trastuzumab and the tubulin
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inhibitor maytansine (DM1), for the treatment of patients with
HER2-positive breast cancer (2, 3) emphasizes that the potential
of ADCs is not limited to hematological malignancies. The
number of ADCs in clinical development has markedly increased
in the last couple of years. This includes the development of
HuMax-TF-ADC (TF-011-MMAE), a novel ADC designed to deliv-
er the cytotoxic payload MMAE to tumor cells expressing tissue
factor (TF; ref. 4).

TF, also called thromboplastin, factor III, or CD142, is aber-
rantly expressed in many types of cancers, including non-small
cell lung cancer (5), colorectal cancer (6), genito-urethal (7, 8),
and gynecologic cancers (9-11), pancreatic cancer (12), head and
neck cancer (13), glioma (14), and metastatic breast cancer (15).
Under physiologic conditions, TF is expressed by fibroblasts,
pericytes, and smooth muscle cells in the subendothelial vessel
wall. In these cells, the majority of TF is localized in intracellular
pools and remains sequestered from circulating factor VII (FVII)
until vascular integrity is disrupted or until TF expression is
induced (16-18). Upon vascular damage, TF binds activated FVII
(FVIla) and forms the proteolytically active TF:FVIla complex that
can initiate the coagulation pathway. The TF:FVIla complex can
also activate cells by cleavage of the G-protein coupled receptor
protease-activated receptor 2 thereby inducing an intracellular
signaling cascade that promotes proliferation, thrombosis, and
angiogenesis (19). This makes TF an interesting yet challenging
target for cancer immunotherapy.

TF-011-MMAE was designed to specifically target tumor cells
that aberrantly express TF, without interfering with the role of
TF in coagulation. TF-011-MMAE showed potent antitumor
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activity in xenograft models derived from a broad range of
solid cancers, and an acceptable safety profile in nonclinical
toxicity studies (4). TF-011-MMAE and unconjugated TF-
011 induced efficient antibody-dependent cell-mediated cytotox-
icity and inhibition of TF:FVIla-dependent intracellular signaling,
both of which may contribute to the antitumor activity of TF-011-
MMAE. However, MMAE-mediated tumor cell killing was shown
to be the dominant mechanism of action in vivo. This indicates
that TF is a highly suitable target for the intracellular delivery of
cytoxic agents through an ADC. To gain more insight in the target
characteristics, particularly the internalization characteristics of TF
and TF-specific antibodies, that contribute to the efficacy of TF-
directed ADC treatment, we compared TF-specific ADCs with
ADCs directed against HER2 and EGFR. HER2 is a well-known
and clinically validated ADC target (3, 20), and an EGFR antibody
conjugated with DM1 through a noncleavable linker system is
currently being evaluated in a phase I clinical study. Antibodies
targeting TF, HER2, and EGFR were conjugated with the cytotoxic
compound duostatin-3, which blocks tubulin polymerization.
This toxin lacks the ability to induce bystander killing and
therefore only affects target-positive cells. Because tumor antigens
are often heterogeneously expressed and therefore not always
accessible to ADC treatment, an ADC capable of inducing
bystander killing may be preferred from an efficacy point-of-view
(4). However, to study the target requirements needed for optimal
intracellular delivery of cytotoxic agents, we selected a drug-linker
combination that only affects antigen expressing cells.

By comparing in vitro and in vivo cytotoxicity of ADCs targeting
TF, HER2, and EGFR, we found that TF-ADC was more effective
compared with ADCs targeting the EGF-receptor family. TF-ADC
induced relatively potent tumor cell killing, even in cell lines where
TF expression was lower than expression of HER2 or EGFR.
Confocal microscopy analysis demonstrated faster and enhanced
transport of TF-antibodies into lysosomes of tumor cells compared
with EGFR and HER2 antibodies. Strikingly, also without antibody
treatment, large quantities of TF were found to internalize and
colocalize with markers of endosomes and lysosomes, indicating
that TF was constitutively being replenished. Therefore, it seems
that the high turnover of TF on tumor cells, inherent to its biologic
role, makes this protein specifically suitable for an ADC approach.

Materials and Methods

Cell lines

Human SK-OV-3 (ovarian cancer), AUS65 (breast adenocar-
cinoma), and HCC1954 (breast ductal carcinoma) cells were
obtained from ATCC. Human A431 (epithelial squamous car-
cinoma) and Jurkat (T-cell leukemia) cells were obtained from
the Deutsche Sammlung von Mikroorganismen und Zellkultu-
ren (DSMZ). SK-OV-3 cells were cultured in Minimal Essential
Medium Eagles (ATCC) containing 10% heat-inactivated calf
serum (Hyclone). HCC1954, A431, and Jurkat cells were cul-
tured in RPMI-1640 (Lonza) containing 10% heat-inactivated
calf serum. AUS65 cells were cultured in RPMI-1640 supple-
mented with 10% heat-inactivated calf serum, 1% sodium
bicarbonate (Lonza), 0.5% natrium pyruvate (Lonza), and
0.5% glucose (Sigma). To guarantee cell line authenticity, cell
lines were aliquoted and banked, and cultures were grown and
used for a limited number of passages before starting a new
culture from stock. Cell lines were routinely tested for myco-
plasma contamination. TF, HER2, and EGFR cell surface expres-
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Tissue Factor Antibody-Drug Conjugate

sion was quantified by QIFIKIT analysis (DAKO) according to
the manufacturer's guidelines, using a mouse anti-human TF
antibody (CLB), mouse anti-human HER2 antibody (R&D),
and mouse anti-human EGFR antibody (BD) as described in
Supplementary Method S1.

Antibody generation and conjugation

Human IgG 1k monoclonal antibodies were generated in
human antibody transgenic mice; HuMAb mice (Medarex), using
hybridoma technology (21). TF antibodies were previously
described (4). In brief, TF-011 binds TF, interferes with FVIla
binding, and inhibits ERK phosphorylation. TF-111 binds TF and
partially interferes with FVIIa binding and ERK-phosphorylation.
The HER2 mAbs 153 and 005 were described by (22). Both
antibodies bound to epitopes distinct from those recognized by
trastuzumab and pertuzumab. Upon binding to HER2, mAb 153
inhibits ligand-induced HER2 proliferation. mAb 005 has no
effect on HER2-induced proliferation. The EGFR mAbs zalutu-
mumab and nimotuzumab (Biacon) both inhibit ligand-binding
and EGFR-driven proliferation. Zalutumumab does so with high
affinity (23), whereas nimotuzumab blocks EGF binding with low
affinity (24).

Duostatin-3-conjugated antibodies were generated by cova-
lent conjugation of valine-citrulline-duostatin-3 on antibody
lysine groups as described in WO/2013/173391. The synthesis
of duostatin-3 is also described in the Supplementary Method
S2. Each resulting duostatin-3—conjugated ADC contained
an average of two drug molecules per antibody, as determined
by hydrophobic interaction chromatography. Duostatin-3—
conjugated antibodies were referred to as TF-ADC, HER2-ADC,
and EGFR-ADC. TF-011 was also conjugated with maleimido-
caproyl-valine-citrulline- p-aminobenzoyl-monomethyl  auris-
tatin E (veMMAE, licensed from Seattle Genetics) on cysteine
groups in the antibody hinge region, to generate TF-011-
MMAE (HuMax-TF-ADC), as described (4). This ADC was
referred to as TF-011-MMAE throughout the article. TF-011-
MMAE contained an average of four drug molecules per
antibody.

Confocal microscopy

Cells were grown on glass coverslips (Thermo Fisher Scientific)
at 37°C for 16 hours. In case of antibody stimulation, cells
were preincubated 1 hour with 50 mg/mL leupeptin (Sigma) to
block lysosomal activity followed by 1 or 16 hours incubation
with 1 mg/mL EGFR-, HER2-, or TF-antibody. Cells were fixed,
permeabilized, and incubated 45 minutes with mouse anti-
human TF (CLB), HER2 (R&D), and EGFR (BD Pharmingen)
antibodies, followed by goat anti-mouse IgG1-FITC (DAKO) to
identify receptors, or goat anti-human IgG1-FITC (Jackson) to
stain for human EGFR-, HER2-, and TF-antibodies. Endosomes
were stained with rabbit anti-human transferrin (Life Technology)
and goat anti-rabbit IgG-Alexa-568 (Bio-connect), lysosomes
were stained with mouse anti-human CD107a-APC (BD). Finally,
coverslips were mounted (Calbiochem) on microscope slides and
imaged with a Leica SPE-II confocal microscope (Leica Micro-
systems) equipped with LAS-AF software. 12-bit grayscale TIFF
images were analyzed for colocalization using MetaMorph soft-
ware (Molecular Devices). Colocalization was calculated as the
FITC pixel intensity overlapping with APC (lysosomes) or Alexa-
Fluor568 (endosomes) and expressed as percentage of total FITC
intensity.
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Surface protein downmodulation assay

SK-OV-3 and A431 cells were seeded in 96-wells nonbinding
plates (Greiner), 100,000 cells/well, in serum-free culture medi-
um, with or without 100 mmol/L monensin (Dako) to block
recycling of endosomes (30 minutes, 37°C; ref. 25). Next, human
TF-, HER2-, and EGFR-antibodies (10 mg/mL), EGF (Biosource, 50
ng/mL) or FVIla (Novoseven, 100 ng/mL) were added for 3 hours
(37°C). Remaining TF, HER2, or EGFR at the plasma membrane
was stained with noncompeting mouse TF (CLB), HER2 (R&D),
and EGFR antibodies (BD; 30 minutes, 4°C), followed by incu-
bation with goat anti-mouse IgG-FITC (Jackson, 30 minutes, 4°C).
MFI of FITC was measured on a flow cytometer (BD). Quantifi-
cation of cell surface proteins was done using QIFIKIT (Dako)
according to the manufacturer's instructions (26).

Total protein downmodulation assay

Cells were seeded (100,000 cells/well) in 96-wells culture
plates (Greiner). After 4 hours, cells were preincubated with
100 mmol/L chloroquine (Sigma) or 100 mg/mL leupeptin (Sig-
ma, 30 minutes, 37°C), followed by incubation with 10 mg/mL
human TF, HER2, or EGFR antibodies. After 48 hours, cells were
washed, lysed, and total protein levels were quantified using
bicinchoninic acid protein assay reagent (Pierce), according to
the manufacturer's instruction. Next, ELISA plates (Greiner) were
coated with 1 mg/mL mouse anti-human EGFR (Millipore), rabbit
anti-human HER2 (Cell Signaling Technology), or mouse anti-
human TF (CLB), blocked with 2% chicken serum (Hyclone) and
incubated with 50 mL cell lysate. Subsequently, EGFR, HER2, and
TF were detected with mouse anti-human EGFR-biotin (Leica
Technologies, 0.5 mg/mL), goat anti-human HER2-biotin (R&D,
50 ng/mL), and goat anti-human TF-biotin (R&D, 0.5 mg/mL).
The reaction was visualized as described (27).

Intracellular antibody accumulation

Cells were incubated with 5 mg/mL FITC-conjugated antibodies
at either 4°C or 37°C. At the indicated time points, cells
were transferred on ice to stop internalization and washed with
ice-cold PBS (B. Braun). Of note, 50 mL ice-cold acid wash buffer
[0.2 mol/L glycine (Sigma), 4 mol/L urea (Sigma), pH2.0] was
added for 5 minutes to remove extracellular bound antibodies
and removed through centrifugation. Remaining FITC fluores-
cence, originating from internalized FITC-conjugated antibodies,
was measured using flow cytometry.

CypHer5SE internalization assay

Cells were seeded in 96-well plates (Greiner, 20,000 cells/well)
and cultured overnight at 37°C. Ice-cold culture medium with or
without 100 mmol/L chloroquine (Sigma) was added for 1 hour at
4oC, to trap internalized antibody in endosomal compartments.
Next, 1 mg/mL HER2, EGFR, or TF antibody, conjugated with
CypHer5E according to the manufacturer's instructions (GE
Healthcare), was added. CypHerSE is a pH-sensitive dye which
is nonfluorescent at basic pH (extracellular: culture medium) and
faorescent at acidic pH (intracellular: endosomes, lysosomes).
After 30 minutes, the cells were washed and fresh culture medium
(37°C) was added. The cells were incubated 24 hours at 37°C. At
indicated time points, MFI of internalized CypHerSE was mea-
sured per well using homogeneous Fluorometric Microvolume
Assay Technology (Applied Biosystems). As read out, fluorescence
per cell was multiplied with the number of positive cells per well
(counts x fluorescence).

Cytotoxicity assay

Mixed cell cultures were treated with ADC to simultaneously
determine the amount of target cell kill and bystander kill. HER2,
EGFR, and TF-expressing tumor cells were used as target cells and
seeded (5,000 cells/well) in 96-well culture plates. Antigen-neg-
ative Jurkat cells were used as bystander cells and added to the
plate (20,000 cells/well). To discriminate between both cell
populations, Jurkat cells were labeled with CellTrace carboxy-
fluorescein diacetate succinimidyl ester (CFSE) according to the
manufacturer's instructions (Invitrogen). Next, serially diluted
ADCs (10-0,000001 mg/mL) were added and the cells were
incubated 4 days at 37°C. Cells were harvested and viability was
assessed through live/dead staining on a flow cytometer. Target
cell kill was plotted as the percentage of viable CFSE-negative cells.
Bystander kill was plotted as the percentage of viable CFSE-
positive cells.

Alternatively, 500,000 CFSE-labeled cells were cultured in T25
flasks (Greiner) in presence of 2 mg/mL ADC. After 3 days, the
viable cells were harvested and analyzed for antigen expression
using mouse TF (CLB), HER2 (R&D), and EGFR antibodies (BD)
and goat anti-mouse IgG1-APC (Jackson). Each sample was
spiked with 10,000 CFSE-negative Jurkat cells. During flow-cyto-
metric analysis, the CFSE-negative Jurkat cells were gated and
3,000 events were measured in this gate, while all events were
stored and analyzed.

Tumor xenograft models

Six- to 11-week-old female SCID mice (C.B-17/IcrPrkde-scid/
CRL) were purchased from Charles River. Subcutaneous tumors
were induced by inoculation of 5 x 106 cells in the right flank of
the mice. Tumor volumes were calculated from digital caliper
measurements as 0.52 x length X width? (mm3). When tumors
reached 200 to 400 mm3, mice were grouped into groups of 7
mice with equal tumor size distribution and mAbs were
injected intraperitoneally at indicated time points (1 or 4
mg/kg). During the study, blood samples were collected into
heparin-containing tubes to confirm the presence of human
IgG in plasma. IgG levels were quantified using a Nephelometer
(Siemens Healthcare). Mice that did not show human IgG in
plasma were excluded from the analysis. Some mice developing
ulcerations not related to tumor size were euthanized for
ethical reasons before the end of the study, which is indicated
by the censored data points.

Statistical analysis

Data analysis was done using GraphPad Prism 5 software.
Group data were reported as mean + SD. One-way ANOVA was
applied for statistical analysis. Statistical analysis of xenograft
studies was done with one-way ANOVA at the last day that all
groups were complete. Mantel-Cox analysis of Kaplan-Meier
curves was performed to analyze statistical differences in progres-
sion-free survival time.

Results

Tissue factor distribution in unstimulated tumor cells

In healthy tissue, TF is primarily expressed in intracellular pools
and remains sequestered from circulating FVII (17, 18, 28). To
determine TF distribution in cancer cells, we applied confocal
microscopy. For this, we selected two cell lines based on aberrant
expression of HER2 and TF (SK-OV-3, ovarian cancer) or EGFR
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Table 1. Average number of molecules on plasma membrane

Tissue Factor Antibody-Drug Conjugate

TF EGFR HER2
Cell line Origin (molecules/cell) (molecules/cell) (molecules/cell)
HCC1954 Breast cancer 400,000 100,000 600,000
A431 Epithelial cancer 200,000 500,000 30,000
SK-OV-3 Ovarian cancer 100,000 50,000 200,000
AU565 Breast cancer 20,000 100,000 500,000

NOTE: Average number of EGFR, HER2, and TF molecules expressed on the cell surface, calculated with quantitative flow cytometry as described in Supplementary

Method S1.

and TF (A431, epithelial carcinoma), as depicted in Table 1.
The cells were grown on glass coverslips, left unstimulated,
and stained for TF, EGFR, and HER2. Markers of recycling
endosomes (i.e., transferrin) and lysosomes (i.e., LAMP1) were
included to determine compartmentalization of the different
proteins. Figure 1A-C demonstrates that, in resting SK-OV-3
cells, TF is primarily localized intracellularly and partially
colocalizes with the lysosomal marker LAMP1. EGFR and HER2
staining on the other hand was mainly localized to the plasma
membrane.

Also in A431 cells (Fig. 1D) and HCC1954 cells (Supple-
mentary Fig. S1), TF was more abundantly present in lysosomes
as compared with EGFR and HER2, suggesting that TF has a
high turnover in these tumor cells. This was confirmed by ELISA
where total protein levels of TF, EGFR, and HER2 were mea-
sured in absence and presence of inhibitors of lysosomal
degradation (Fig. 1E). Total protein levels of EGFR and HER2
were unaffected by addition of chloroquine, an inhibitor of
endosomal acidification (29) or leupeptin, an inhibitor of
lysosomal proteases. However, TF protein levels were increased

mAb LAMP1 Merge

=]
[=]

10 pm

Colocalization FITC - APC (%) U

EL EL EL EL EL EL
EGFR HER2 TF EGFR HERZ TF
SK-OV-3 A431

i

10 ym

[
o0
(=]

Total protein levels (%)

-CQL -CQL -CaL -CcalL
HER2 TF EGFR TF
SK-OV-3 A4

-

Surface receptor expression (%)

- + - +
- F-vil - EGF - EGF

- 4+ - +

TF EGFR HER2

Figure 1.

Distribution of HER2, EGFR, and TF in unstimulated tumor cells. A-C, confocal microscopy images (8-bit) of unstimulated SK-OV-3 cells. The left panel shows staining
of HER2 (A), EGFR (B), and TF (C) with murine antibodies and goat anti-mouse IgG-FITC (green). In the middle panel, lysosomes were stained with mouse
anti-human LAMP 1-APC (red). The right panel shows the overlay (yellow). D, quantification of endosomal and lysosomal receptor colocalization. Each bar
represents four different 12-bitimages + SD. E, endosomes; L, lysosomes. E, downmodulation of total protein expression. Cells were incubated for 2 days
with 100 mmol/L chloroquine or 100 mg/mL leupeptin, after which protein levels were measured with ELISA and expressed as percentage compared with
untreated cells. Data, mean + SD. F, surface protein downmodulation on SK-OV-3 cells measured with quantitative flow cytometry. Cells were preincubated
30 minutes with (p) or without (-) monensin and incubated an additional 3 hours with 50 ng/mL EGF or 100 ng/mL FVlla. Surface expression of remaining
TF, EGFR, and HER2 was quantified and plotted as percentage relative to untreated cells. Data, mean + SD. *, P < 0.05; ™, P <0.001.
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over 2-fold when lysosomal degradation was blocked with chlo-
roquine, indicating that TF is continuously transported from
endosomal to lysosomal compartments to undergo degradation.
The enhanced colocalization of TF with transferrin (Fig. 1D)
suggests that at least a part of the intracellular TF pool originated
from the plasma membrane (30). Therefore we next investigated
downmodulation of surface expressed receptors using quantita-
tive flow cytometry. SK-OV-3 cells were incubated with the TF
ligand FVIla or the EGFR ligand EGF, after which residual receptor
expression was quantified. Monensin was added to block trans-
port of intracellular receptors to the cell surface and thereby trap
internalized proteins in the cell. Figure 1F shows that FVIla alone
had no effect on surface expression of TF, whereas monensin
significantly reduced TF expression, indicating that TF is consti-
tutively recruited from intracellular pools to the plasma mem-
brane. Previous reports have described the internalization of TF in
presence of FVIIa (16, 31), our data demonstrate that TF is also
internalized in absence of FVIla. EGF on the other hand induced

significant downmodulation of surface expressed EGFR which
was in line with previous reports (32), whereas HER2 expression
was unaffected by EGF and monensin.

In summary, unlike EGFR and HER2, TF was continuously
internalized and degraded, even in resting tumor cells. This
suggests that the efficacy of TF-specific ADCs may be at least partly
related to the endogenous internalization characteristics of TF.

Antibody binding to TF triggers internalization of mAb/TF-
complexes

For certain receptors, antibody binding results in internaliza-
tion of the Ab/receptor-complex (32). To investigate whether Ab/
TF-complexes were internalized, we incubated SK-OV-3 and A431
cells for 3 hours at 37°C with antibodies directed against TF,
EGFR, and HER2. The cells were cooled to 4°C and remaining
extracellular proteins were quantified using noncompeting
murine TF, EGFR, and HER2 antibodies. Fig. 2A demonstrates
that TF-011 and TF-111 induced significant downmodulation of

A 125
§ 100 m L B SK-OV-3, TF
(7]
o * Il SK-OV-3, HER2
g 75 @
$ *k B A431, TF
g %0 [ A431, EGFR
3
(7]
< 25 Figure 2.
Antibody-mediated internalization
0 and downmodulation of TF, EGFR, and
HER2. A, downmodulation of surface-
expressed proteins measured with
flow cytometry. SK-OV-3 and A431
cells were incubated with 10 mg/mL
antibody. After 3 hours, remaining
B surface expression of the different
receptors was analyzed with
‘S quantitative flow cytometry and
% Em SK-OV-3, TF expressed as percentage relative to
s untreated cells. B, downmodulation of
s Bl SK-OV-3, HER2 total protein levels. SK-OV-3 and A431
.% B A431, TF cells were incubated with 10 mg/mL
° antibody. After 2 days, protein levels
o 3 A431, EGFR were measured with ELISA and
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extracellular TF, which was not observed with Fab fragments of
mAb TF-011 or the TF physiologic ligand FVIla. The tested EGFR
and HER2 antibodies had no effect on extracellular expression of
EGFR and HER2, respectively. The experiment was also performed
in presence of the recycling inhibitor monensin. For EGFR and TF,
this further decreased extracellular expression (data not shown).
Next, it was investigated whether antibody-mediated down-
modulation of extracellular proteins also results in downmodula-
tion of total protein levels. SK-OV-3 and A431 cells were incu-
bated for 2 days with EGFR, HER2, and TF antibodies, lysed and
subjected to ELISA to measure the degree of protein. Figure 2B
shows that TF-011 induced downmodulation of total TF protein
in both cell lines. Also, a slight reduction of EGFR protein levels
was observed upon incubation with EGFR antibody zalutumu-
mab, but no effect on HER2 protein levels was observed with any
of the HER2 antibodies.

To exclude that the reduced protein levels depicted in Fig. 2A
result from antibody-induced shedding of TF, intracellular accu-
mulation of FITC-conjugated antibodies was assessed to confirm
that Ab/TF-complexes were indeed internalized. Cells were incu-
bated with FITC-conjugated antibodies at 37°C for 0 to 9 hours.
Before flow-cytometric analysis, extracellular FITC-conjugated
antibodies were removed through acid wash and residual FITC
fluorescence, originating from internalized FITC-conjugated anti-
bodies, was measured on a flow cytometer. As depicted in Fig. 2C
and D, both TF antibodies showed accumulation of FITC fluo-
rescence over time, demonstrating that these antibodies were
efficiently internalized.

TF/TF-011 complexes are rapidly targeted to the lysosomes

For an ADC-approach, it is typically required that internalized
antibodies traffic to lysosomes where cellular proteases can ini-
tiate drug release (33). Using confocal microscopy, lysosomal
transport of TF, EGFR, and HER2 antibodies was analyzed. SK-
OV-3 and A431 cells were incubated with the indicated antibo-
dies, and after 1 or 16 hours, cells were fixed, permeabilized, and
stained with FITC-conjugated goat-a-human IgG1. After one
hour, TF-011 already demonstrated clear internalization and
lysosomal colocalization (Fig. 3A). EGFR antibody zalutumumab
was also internalized after one hour, but the internalized antibody
had not yet reached the lysosomes (Fig. 3C), whereas HER2
antibody 005 only stained at the plasma membrane (Fig. 3E).
After 16 hours, all antibodies demonstrated substantial internal-
ization and lysosomal colocalization, but TF mAbs were most
abundantly present in lysosomes (Fig. 3B, D, F, and G). In
addition, receptor distribution was tested after antibody treat-
ment (Supplementary Fig. S2). Both TF antibodies significantly
increased the amount of TF in endosomes and lysosomes of SK-
OV-3 and A431 cells. EGFR mAbs zalutumumab and nimotuzu-
mab also enhanced endosomal and lysosomal colocalization of
EGFR in A431 cells. In contrast, cellular distribution of HER2 was
hardly affected by HER2 antibodies 005 and 153.

The more rapid lysosomal colocalization of TF-mAbs led us to
investigate TF-mediated internalization and lysosomal targeting
in more detail. By conjugating TF, HER2, and EGFR mAbs with
CypHer5E, a dye that becomes fluorescent at acidic pH, we were
able to follow internalization and lysosomal colocalization over
time. Both endosomes and lysosomes are acidic environments
that induce fluorescence of CypHer5E. To distinguish between
fluorescence resulting from endosomal and lysosomal transport,
SK-OV-3 cells were preincubated with chloroquine, which inhi-
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bits the acidification and fusion of endosomes with lysosomes
(34). Thus, inhibition of CypHer5E fluorescence by chloroqui-
nine is indicative of lysosomal transport. This was most evident
for TF-011 (Fig. 3H). Although fluorescence of CypHerSE-conju-
gated mAbs 005, 153, and zalutumumab was only inhibited
after 24-hour incubation (Fig. 3I-K), fluorescence of TF-011-
CypHerSE was already inhibited within one hour. This shows
that TF-bound antibodies were rapidly transported to lysosomes,
whereas lysosomal transport of EGFR and HER2 mAbs was
relatively slow.

In vitro cytotoxicity induced by duostatin-3-conjugated TF,
EGFR, and HER2 antibodies

To investigate whether the more rapid lysosomal targeting
observed with TF mAbs, results in increased cytotoxicity of TF-
directed ADCs, we conjugated antibodies TF-011, 005, and zalu-
tumumab with duostatin-3 using a valine-citrulline linker that is
cleaved by intracellular proteases such as cathepsin B. Duostatin-3
is an antimitotic agent that inhibits cell division by blocking of
tubulin polymerization. Unlike veMMAE, duostatin-3 cannot kill
neighboring tumor cells when the drug is released from the
antibody. This was also demonstrated in Fig. 4B, D, and F,
where duostatin-3—conjugated antibodies did not induce
bystander kill. Whereas TF-011-MMAE induced potent bystand-
er kill which was in line with results published previously
(4, 33). To study the target requirements needed for efficient
intracellular drug delivery, a drug-linker that only affects anti-
gen-expressing cells was preferred. Figure 4A, C, and E shows
that duostatin-3—conjugated HER2 and EGFR antibodies only
induced cytotoxicity when tumor cells highly overexpress their
targets HER2 (AU565 and SK-OV-3) and EGFR (A431 and
AUS565), respectively. Viability of tumor cells that display
moderate overexpression of HER2 (A431) or EGFR (SK-OV-
3) was hardly affected. In contrast, TF-mAbs conjugated with
duostatin-3 induced cytotoxicity in all tested cell lines, includ-
ing cells that express less than 20,000 TF molecules/cell. Anal-
ysis of TF expression in SK-OV-3 cells that survived TF-ADC
treatment demonstrated that TF expression was similar before
and after treatment (Table 2 and Supplementary Fig. S3).
However, the proliferation rate of the surviving cells was
reduced, as indicated by the high CFSE fluorescence of the
surviving cells. This indicates that lack of efficacy against these
cells was caused by their low proliferation rate, rather than lack
of target expression.

Antitumor activity of duostatin-3—-conjugated TF, EGFR, and
HER?2 antibodies in vivo

Finally, the effect of ADC treatment on tumor growth was
assessed in vivo. The ADCs were compared in two different
tumor xenograft models, starting with the breast cancer model
HCC1954 (Fig. 5A and B) which highly overexpressed HER2 and
TF (Table 1). Figure 5B demonstrates that treatment with a single
dose of 1 mg/kg TF-ADC resulted in significant inhibition of
HCC1954 tumor growth as compared with animals treated with
isotype control ADC. At the same dose, HER2-ADC had no effect
on tumor growth. At 4 mg/kg, both ADCs induced tumor regres-
sion, which was sustained until at least 67 days after treatment.
Using the epidermal carcinoma model A431, ADCs targeting
TF and EGFR were compared (Fig. 5C and D). A single dose of 1
mg/kg TF-ADC induced significant inhibition of tumor growth,
which was increased at 4 mg/kg. EGFR-ADC only reduced tumor
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Figure 3.

Lysosomal colocalization of TF, EGFR, and HER2 antibodies. A-F, confocal microscopy analysis of SK-OV-3 (A and B, E and F) and A431 (C and D) cells demonstrating
fast and increased lysosomal transport of TF-011. Lysosomes were stained with mouse anti-human LAMP1-APC (red). Zalutumumab (anti-EGFR), 005
(anti-HER2), and TF-011 (anti-TF) were detected with goat anti-human IgG1-FITC (green). G, arbitrary units (AU) represent the total pixel intensity of antibody
overlapping with the lysosomal marker LAMP1, divided by the total pixel intensity of LAMP1. Data, mean = SD of four images. H and K, lysosomal targeting of
CypHer5E-conjugated mAbs. SK-OV-3 cells, preincubated with or without 100 mmol/L chloroquine, were incubated with CypHer5E-conjugated antibodies:
TF-011 (H), zalutumumab (1), 005 (J), and 153 (K). At the indicated time points, CypHer5E fluorescence was measured using homogeneous Fluorometric Microvolume

Assay Technology. The gray area indicates antibody present in lysosomal compartments.

growth at 4 mg/kg, a dose at which TF-ADC treatment was
significantly more effective. Overall, TF-ADC treatment induced
significant inhibition of tumor growth. Despite the reduced
expression of TF as compared with HER2 and EGFR, TF-ADC
outperformed HER2- and EGFR-ADCs. Hence, these data dem-
onstrate the potential of TF as tumor target for an ADC approach.

Discussion

Antibodies conjugated with tubulin inhibitors have demon-
strated impressive preclinical and clinical antitumor activity
(1, 20, 35, 36). However, the optimal target characteristics for
ADC development are not entirely clear. Most ADCs are depen-
dent on internalization and lysosomal targeting to release their
cytotoxic compound. Thus, the internalization characteristics of a
tumor target may greatly contribute to the efficacy of ADCs
directed against that target. In addition, binding of antibodies

or ADCs to specific tumor targets may change the internalization
characteristics of the tumor target. In this study, the internaliza-
tion characteristics of three different tumor targets, TF, EGFR, and
HER?2, as well as antibodies and ADCs specific for those targets,
were compared. Internalization, lysosomal sorting and intracel-
lular degradation of the three proteins were analyzed in absence
and presence of monoclonal antibodies. The combination of TF
and antibody TF-011 was the only combination demonstrating
efficacy in all assays. TF demonstrated significant and constitutive
internalization, lysosomal colocalization and degradation in
tumor cells, all of which were increased upon incubation with
TF-011. Given the potential of TF as target for an ADC approach,
TF-, EGFR-, and HER2-mAbs were conjugated with the cleavable
linker-drug vcDuostatin-3, generating ADCs that provide specific
tumor targeting with a payload only affecting proliferating cells.
We found that TF-ADC outperformed HER2-ADC and EGFR-ADC
in two different tumor xenograft models.
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Cytotoxicity of TF-ADC, EGFR-ADC,
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in 96-well tissue culture plates
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cells. Serially diluted ADCs and isotype
control antibody were added to the
cells. After 4 days incubation at 37°C
viability was assessed on a flow
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Quantitative flow-cytometric analysis of tumor cell lines
revealed that, like EGFR and HER2, TF can be aberrantly
expressed on tumor cells. Compared with normal melanocytes,
more than 1,000-fold increased TF expression has been
reported on metastatic human melanoma cells (37). In the
tumor models selected here, extracellular expression of TF was
lower compared with EGFR and HER2. However, despite the
lower antigen expression, the antitumor activity of TF-ADC was

Table 2. Flow-cytometric analysis of SK-OV-3 cells after ADC treatment

Cytotoxicity Antigen Proliferation
(number of expression rate (MFI
events) (MFI APC) CFSE)
EGFR 40,100 26,613 65,493
EGFR p EGFR-ADC 17,858 21,380 93,951
HER2 39,836 90,735 65,493
HER2 p HER2-ADC 7,034 76,490 122,213
TF 42,522 51,237 65,493
TF b TF-ADC 2,403 45,816 175,662

NOTE: SK-OV-3 cells were labeled with CFSE, a dye that is stably fluorescent and
that is transferred to daughter cells upon cell division with its fluorescence being
halved. Thus, reduced CFSE fluorescence indicates SK-OV-3 proliferation. CFSE-
labeled cells were treated 3 days with 2 mg/mL ADC, after which cytotoxicity was
analyzed as well as expression of the antigen targeted by the respective ADC.
Cytotoxicity was expressed as number of events measured on a flow cytometer.
Antigen expression was detected with mouse anti-HER2, anti-EGFR, and anti-TF
antibodies in combination with APC-conjugated rabbit anti-mouse and depicted
as MFI of APC.
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more potent compared with HER2- and EGFR-ADCs. This can
be explained by the efficient transport of TF-011 from the
plasma membrane into lysosomes of tumor cells as demon-
strated with confocal microscopy. Previous publications also
indicate that TF has a higher turnover rate compared with EGFR
and HER2. Hamik and colleagues demonstrated that the half-
life of TF on monocytes was 3.7 hours, which could be reduced
to 1.3 hours when TF was bound by TF protein inhibitor and
FVII (38). Unstimulated EGFR and HER2 on the other hand
have a half-life of 6 to 24 hours depending on the cell line used
(39). Because TF is the main physiologic initiator of the
coagulation cascade, which represents a system that needs to
be tightly regulated, it makes sense that TF is more efficiently
internalized and degraded compared with EGFR and HER2.

Internalization of TF has been studied previously (16, 40) and
is believed to be an active process which can be enhanced through
binding of FVIla. We did not observe FVIla-mediated internali-
zation of TF. Instead, we found that TF was constitutively being
turned over on tumor cells, a process that was not influenced by
presence of FVIIa. Most studies focussing on internalization of TF:
FVIla complexes made use of radiolabeled FVIIa (16, 31, 41). Our
studies, using TF expression as read out, demonstrate that FVIla
most likely piggybacks with internalizing TF. Various cancer cells,
including ovarian cancer cells, have been reported to produce FVII
themselves (42); however, we did not detect FVII production in
culture supernatant (data not shown).
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Figure 5.

Efficacy of TF-ADC, HER2-ADC, and EGFR-ADC in tumor xenograft models. Mice were inoculated subcutaneously with 5 x 108 HCC1954 (A and B) or A431

(C and D) cells. When average tumor volume reached >200 mm?, mice were divided in groups of 7 mice with equal tumor size distribution and injected
intraperitoneally at indicated time points with 4 mg/kg or 1 mg/kg mAb or ADC. Tumors were measured twice a week by using calipers, and the median (A) or mean +
SE (C) tumor volume (mm?) was plotted against time, as well as time to progression indicated by the percentage of tumors <750 mm? (B) or <500 mm? (D). In
the HCC1954 model, some mice developed ulcerations unrelated to tumor size or Ab-treatment. These mice were withdrawn from the study as indicated by the
censored data points (B). Median tumor volumes were not calculated when more than 3 mice had been withdrawn (A). *, P <0.05; **, P < 0.001.

Although the more rapid internalization and lysosomal target-
ing of TF seem fundamental for effective ADC treatment, the
potent antitumor effect of TF-ADC cannot be fully ascribed to the
target characteristics of TF alone. Antibody selection plays an
important role as well. This was illustrated by the increased
internalization and lysosomal targeting observed with TF-011.
Although TF-011 is expected to crosslink extracellular TF, Fab-011
and FVII lack the ability to crosslink TF, indicating that mAb-
induced crosslinking may be critical to increase downmodulation
of extracellular TF. TF-111, on the other hand, only seems to
crosslink TF when highly overexpressed. Moreover, differential
antibody binding at low pH may influence intracellular trafficking
of ADCs and consequently increase their lysosomal transport.
Flow-cytometric analysis of antibody binding at pH6 and pH7.4
revealed no differences in binding at reduced pH (Supplementary
Table S1). Also, no substantial differences were observed between
apparent affinities of antibodies targeting TF, EGFR, and HER2
(Supplementary Table S1). The low-affinity EGFR mAb nimotu-
zumab was an exception to this and showed low apparent affinity
binding to EGFR-expressing cells (ECso value 15.6 nmol/L).
Furthermore, inhibition of receptor signaling and engagement
of immune effector cells may contribute to the antitumor activity
of ADCs as well. However, treatment of established A431 xeno-
grafts with comparable dosing of unconjugated mAbs induced
significantly less (EGFR-mAb; ref. 43) or no (TF-mAbs; ref. 4),

inhibition of tumor growth. The unconjugated HER2 antibody
005 demonstrated modest inhibition of in vivo tumor growth,
when tested at >10-fold higher dose in a high HER2-expressing
tumor model (data not shown).

Although EGFR and HER2 belong to a family of receptor
tyrosine kinases, for which endocytic trafficking has been exten-
sively investigated, TF is a member of the class II cytokine receptor
superfamily. To date, little is known about intracellular trafficking
of these proteins and their potential use in ADC-based therapy.
Our data indicate that such targets can be very attractive for an
ADC approach because of their rapid internalization, lysosomal
targeting, and degradation, which may be inherent to their phys-
iologic roles in regulating immune responses (44, 45). Taken
together, these data support the use of TF-ADC in cancer therapy
and a clinical study is underway to assess the safety and efficacy of
TF-011-MMAE, an auristatin-conjugate of antibody TF-011, for
the treatment of patients with solid cancers.
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