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Delta-like-4 ligand (DLL4) plays an important role in vascular development and is widely expressed on the
vasculature of normal and tumor tissues. Anti-DLL4 is a humanized IgG1 monoclonal antibody against DLL4. The
purpose of these studies was to characterize the pharmacokinetics (PK), tissue distribution, and anti-tumor efficacy of
anti-DLL4 in mice over a range of doses. PK and tissue distribution of anti-DLL4 were determined in athymic nude mice
after administration of single intravenous (IV) doses. In the tissue distribution study, radiolabeled anti-DLL4 (mixture of
2|odide and '"'Indium) was administered in the presence of increasing amounts of unlabeled anti-DLL4. Dose ranging
anti-DLL4 anti-tumor efficacy was evaluated in athymic nude mice bearing MV522 human lung tumor xenografts. Anti-
DLL4 had nonlinear PK in mice with rapid serum clearance at low doses and slower clearance at higher doses
suggesting the involvement of target mediated clearance. Consistent with the PK data, anti-DLL4 was shown to
specifically distribute to several normal tissues known to express DLL4 including the lung and liver. Maximal efficacy in
the xenograft model was seen at doses > 10 mg/kg when tissue sinks were presumably saturated, consistent with the
PK and tissue distribution profiles. These findings highlight the importance of mechanistic understanding of antibody

disposition to enable dosing strategies for maximizing efficacy.

Introduction

The NOTCH pathway is an important signaling system that
influences cell proliferation, differentiation and death in a variety
of tissue types."™ In mammals, the notch system consists of four
single-pass transmembrane receptors, NOTCH1—4, and at least
five membrane-anchored ligands, Jagged1 and 2, and Delta-like
ligand (DLL)1, 3, and 4. Endothelial cells have been shown to
express two of the receptors, NOTCH1 and NOTCH4, and all
of the above ligands except for DLL3.”” Despite the multiple
NOTCH ligands and receptors in the vascular system, DLL4
mediated NOTCHL signaling appears to be an essential pathway
for vascular development.* Loss of a single DLL4 allele in mice

results in embryonic lethality due to severe vascular defects,
emphasizing its essential role in regulating vessel formation.*%!°
DLL4 was initially identified as an endothelium-specific notch
ligand, and its activation of the NOTCHI1 pathway occurs in
response to angiogenic signals, including vascular endothelial
growth factor (VEGF).*®!'1"'3 This activation results in negative
feedback causing downregulation of the VEGF receptor,
VEGFR2, which restrains endothelial cell proliferation and
sprouting,”'*'> Blockade of DLL4-mediated NOTCH1 signal-
ing causes excessive angiogenic sprouting and branching resulting
in a chaotic vascular network with defective functions.*'* Due to
its essential role in angiogenesis, DLL4-NOTCHI signaling has
emerged as an attractive new target for anti-angiogenesis with
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implications for cancer therapy. Previous therapies targeting
NOTCH signaling such as gamma secretase inhibitors (GSls)
had major hurdles such as on-target toxicity in the gastrointesti-
nal tract.*!® As reviewed by Yan,* GSIs block all NOTCH recep-
tors, whereas selective inhibition of DLL4 appears to avoid gut
toxicity as both DLL1 and DLL4 appear to be key ligands that
mediate NOTCH signaling in the intestinal epithelium, there-
fore blocking DLL4 alone will not cause gastrointestinal toxicity.
However, chronic blockade of DLL4 appears to have other safety
concerns in preclinical models such as histopathological changes
in the liver in mice, rats, and cynomolgus monkeys, and subcuta-
neous vascular lesions in rats.'”

Anti-DLL4 is a phage-derived humanized immunoglobulin
(Ig)G1 monoclonal antibody (mAb) that binds selectively to
DLL4 and blocks its interaction with the NOTCH recepror.'”'®
Anti-DLL4 cross-reacts with DLL4 proteins from multiple spe-
cies, including mouse, rat, cynomolgus monkeys, and humans.
In preclinical studies, treatment with anti-DLL4 resulted in a
structurally chaotic and functionally defective tumor vasculature,
as well as marked tumor growth inhibition. Anti-DLL4 also
demonstrated an additive effect in combination with anti-VEGF
therapy to further reduce tumor growth in mouse xenograft mod-
els. However, anti-DLL4 also showed significant safety concerns
in preclinical models as previously reported by Yan et al.,'” and
briefly described above as arising through chronic blockade of
DLL4, highlighting the need for further evaluation of this
molecule.

DLL4 is known to be widely expressed in the vasculatures of
various normal tissues."” Binding to the target in these tissues
could significandy affect the pharmacokinetics (PK) of ant-
DLL4. However, little information is available on whether anti-
DLL4 would have any specific tissue distribution, and if so,
what effect this might have on PK and anti-tumor activity. In
this report, we investigated the PK, tissue distribution, and effi-
cacy of anti-DLL4 in mice, as well as the dose-dependency of
these measurements, to gain a better understanding of the char-
acteristics of this antibody and inform further drug development
efforts.
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Figure 1. Anti-DLL4 serum concentration—time profiles in athymic nude
mice after IV administration (average =+ SD, n = 3 per time point).
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Table 1. Anti-DLL4 pharmacokinetic parameters in non-tumor bearing athy-
mic nude mice

Parameter 0.2 mg/kg 2 mg/kg 20 mg/kg

Measured dose (mg/kg) 0.11 2.1 16.6

Cmax (pg/mL) 5.0 325 524

AUCinf (daye.g/mL) 2.0 42 2014

CLtot (mL/day/kg) 58 49 8.2

Vss (mL/kg) 24 89 53
Results

Pharmacokinetics in non-tumor bearing athymic nude mice

The PK profile of anti-DLL4 following a single intravenous
(IV) bolus dose in athymic nude mice at doses of 0.2, 2, and
20 mg/kg are shown in Figure 1 and PK parameters are summa-
rized in Table 1. As the dose was increased from 0.2 to 20 mg/
kg, area under the serum concentration—time curve extrapolated
to infinity (AUCinf) increased in a greater than dose-propor-
tional manner. Total clearance (CLtot) decreased with increasing
doses, going from 58 mL/day/kg at the 0.2 mg/kg dose to
8.2 ml/day/kg at the 20 mg/kg dose. The volume of distribution
at steady-state (Vss) ranged from 24 to 89 mL/kg at the doses
tested. These data suggest that the pharmacokinetics of anti-
DLL4 were nonlinear in a dose range of 0.2—20 mg/kg in female
athymic nude mice.

Tissue distribution study in athymic nude mice

The tissue distribution of anti-DLL4 was determined by dos-
ing ['*°I]-anti-DLL4 mixed with ['''In]-anti-DLL4 (tracer) in
the absence or presence of an excess amount of unlabeled anti-
DLL4 at 2 mg/kg or 20 mg/kg in female athymic nude mice.
Measurement of ['*’I]-anti-DLL4 (Fig. 2A) and [""'In] anti-
DLL4 (Fig. 2B) both showed that plasma radioactivity levels in
animals that received only tracer decreased very rapidly within
24 h after dosing and were much lower during the entire course
of the study compared with the animals that received both tracer
and unlabeled antibody (Fig. 2). Plasma radioactivity levels in
the 2 mg/kg and 20 mg/kg groups were similar up to 4 h, after
which the levels in the 2 mg/kg dropped faster than in the
20 mg/kg group. The 20 mg/kg group showed sustained higher
levels of plasma radioactivity for the rest of the 7 d study period
(Fig. 2). In addition, the serum concentrations of anti-DLL4
obtained by enzyme-linked immunosorbent assays (ELISA) in
the PK study were very similar to the plasma concentrations in
the radiolabeled antibody study.

The radioactivity was also determined in the various tissues
collected. In the tracer alone group at the early time points,
increased radioactivity signals were seen in the lung and liver
compared with the plasma levels for both ['*°1] and [''In], and
to a lesser extent in the spleen, kidney and adrenal gland for only
[1'Mn] (Fig. 3). Co-dosing with either 2 mg/kg or 20 mg/kg of
unlabeled anti-DLL4 showed significant suppression of the
radioactivity uptake ((***1] and/or "Mn]) in these tissues
(Fig. 3). Some suppression of radioactivity was also seen in the
heart tissue with ['''In]. Both 2 mg/kg and 20 mg/kg reached
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Figure 2. Changes in plasma radioactivity levels (Mean & SD, n = 3) fol-
lowing IV administration of ['*[]- and ['"'In]-labeled anti-DLL4 either as
tracer alone or with 2 mg/kg and 20 mg/kg of unlabeled anti-DLL4 in
athymic nude mice. (A) Radioactivity of ['?I] anti-DLL4; (B) Radioactivity
of ['""In] anti-DLL4.

similar levels of suppression for the first 4 h (Fig. 3), suggesting
that 2 mg/kg unlabeled anti-DLL4 was sufficient to saturate
binding in these tissues.

To determine whether anti-DLL4 is internalized and degraded
in the tissues, the radioactivity signals of ['®1] and ["''In] were
compared. ['*’I]-labeled antibody reflects tissue uptake kinetics
whereas ['"'[]-DOTA labeled antibody is a residualizing probe
that will accumulate in the cells if the labeled antibody is internal-
ized. Analysis of tissue 1] signals showed that after the initial
rapid distribution to the lungs and liver in the tracer alone group
(Fig. 4A, 4C), [*°1) signals decreased quickly to minimal levels at
24 h and remained at this low level for the rest of study duration.
However, the ['!'In] signals in the same tissues were maintained
at relatively higher levels for a longer duration (Fig. 4B, 4D), sug-
gesting that anti-DLL4 was, at least to some extent, internalized
and degraded intracellularly in these tissues.

Anti-tumor efficacy in mice bearing MV522 human lung
tumor xenografts

Anti-DLL4 was evaluated for anti-tumor activity in the
MV522 human lung tumor model at 6 doses ranging from 1 to
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Table 2. Anti-DLL4 exposure and anti-tumor activity in a MV522 human
lung tumor xenograft mouse model

Treatment AUCinf Time to Tumor
Group (dayepg/mL) Doubling (day)
Vehicle — 35
Anti-DLL4 - 1T mg/kg 50.5 6
Anti-DLL4 - 10 mg/kg 569 10.5
Anti-DLL4 - 20 mg/kg 1810 10.5
Anti-DLL4 - 30 mg/kg 2660 9.5
Anti-DLL4 - 60 mg/kg 5460 8
Anti-DLL4 - 100 mg/kg 7830 13

100 mg/kg. This model was selected due to its previously charac-
terized sensitivity to anti-DLL4."® As shown in Figure 5, a single
IV dose of anti-DLL4 showed substantial anti-tumor activity as
determined by the time to tumor doubling (TTD) (Table 2).
Animals treated with vehicle had tumors that doubled in size in
3.5 d. The TTD increased to 6 d following a single dose of
1 mg/kg of anti-DLL4. A TTD of ~10.5 d was achieved at
10 mg/kg with little additional increase observed at higher doses.
Estimated AUCinf values at the various doses are shown in
Table 2 and represent the total exposure to anti-DLL4 after a sin-
gle IV dose. For doses from 1 to 100 mg/kg, AUCinf increased
more than dose proportionally, indicating that the PK of anti-
DLL4 is nonlinear in tumor bearing athymic nude mice.

Discussion

And-DLI4 is an unique antibody that binds selectively to
DLL4 and was shown to cause significant tumor growth inhibi-
tion in several xenograft models tested.>!'® Since anti-DLL4 binds
to DLL4 proteins in multiple species including mouse and rat, we
could explore its activity in various rodent models. To gain a bet-
ter understanding of the therapeutic potential of anti-DLL4, we
assessed its pharmacokinetics and tissue distribution in mouse and
anti-tumor activity in xenograft models over a range of doses.

The pharmacokinetics of anti-DLL4 in athymic nude mice,
following a single IV dose, appeared to be nonlinear in the dose
range of 0.2—20 mg/kg. The nonlinear PK data suggest that the
total clearance of anti-DLL4 comprises a specific (target-medi-
ated) CL component and a non-specific CL component, with the
specific CL component having a greater contribution at the lower
doses. The total clearance decreased with increased dose likely
due to saturation of the target. At the highest dose of 20 mg/kg,
the clearance value of 8.2 mL/day/kg was similar to the non-spe-
cific clearance values in mice seen with typical humanized anti-
bodies (~3-16 mL/day/kg).zo’21

We further assessed the tissue distribution of anti-DLL4 in athy-
mic nude mice to determine if any specific tissue distribution could
contribute to the nonlinear PK seen with this molecule. The speci-
ficity of tissue distribution was determined by assessing whether
excess amounts of unlabeled antibody could decrease the tracer dis-
tribution to the tissues. To determine whether anti-DL1L4 is inter-
nalized and intracellularly degraded in the specific target tissue, we

used both ['?°1] labeled anti-DLL4 and [*!'In] labeled anti-DLLA.
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Figure 3. Tissue Distribution of ['**]-labeled /['""In] anti-DLL4 following administration either as tracer alone or with 2 mg/kg and 20 mg/kg of unla-
beled anti-DLL4. Representative tissue data were from 4h post-dosing (Mean = SD, n = 3 per time point per group). (A) ['?°I] anti-DLL4; (B) ['"'In] anti-
DLLA4. P values were determined using student t test comparing (i) radioactivity in different organs with plasma in the tracer group; (ii) comparing tissue
radioactivity in the tracer alone group with that in 2 mg/kg or 20 mg/kg groups. ¥ (for i) and * (for ii) indicates p < 0.05.

Though both probes can be used to assess the specific tissue distri-
bution, ['*I]-labeled antibody reflects tissue uptake kinetics,
whereas ['''In]-DOTA labeled antibody is a residualizing probe
that is charged and highly polar, causing it to accumulate in cells if
the labeled antibody is internalized. It is known that ['51] is
released from the antibody quickly as a result of catabolism and the
free ['*°I] most likely returns back into the circulation. In contrast,
["'In] is retained much longer and accumulates in the cells, thus
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showing a different kinetic profile relative to the [ probe.
Using these two probes together could help determine if the anti-
body is internalized and degraded intracellularly.

Our data showed that following dosing with radiolabeled anti-
DLL4, plasma radioactivity levels dropped rapidly in the tracer
alone group. Co-administration of either 2 mg/kg or 20 mg/kg
of unlabeled anti-DLL4 resulted in a similar increase in plasma
radioactivity at 15 min and 4 h, suggesting that anti-DLL4 has
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mice. In the tracer alone group, radioactivity levels of ['*°1] and/
or ['''In] increased rapidly in the lung and liver, and to a lesser
extent in spleen, kidney and adrenal gland. Co-administration of
either 2 mg/kg or 20 mg/kg unlabeled anti-DLL4 significantly

decreased radioactivity levels in these tissues, suggesting that anti- 1500 =

DLL4 specifically distributed to these tissues and that the distri- e :{?:;::;

bution could be saturated by doses of 2 mg/kg and higher. ~ 1200 1 | —8— 10 mg/kg

Though the 2 mg/kg dose appeared to suppress tissue radioactiv- E 55 gg mg;:g

ity uptake, the plasma radioactivity levels decreased faster after 900 {|—°— 60mglkg

24 h relative to the 20 mg/kg dose group. The 20 mg/kg dose g Suiliait i

group was able to maintain sustained radioactivity levels in the :: 600 A

plasma and suppress tissue radioactivity uptake over the 7 d study 2

period, indicating longer saturation than at the lower dose. In the =

tissues, unlike the ['*°]] signal that decreased after peaking at 4h, 909/

the%ID/g from ['"'In] in the tracer alone group was higher than
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followed by a slower decrease when compared with [2°1]. Since 0 5 1_0 15 20 25
['"'In]-DOTA is a residualizing probe,*” these data suggest that Time:(dey)

anti-DLL4 possibly undergoes some degree of internalization

and degradation as indicated by the increasing radioactive signal | Figure 5. Antitumor efficacy of Anti-DLL4 in MV522 human lung tumor
over 24 h. xenograft model after a single IV dose (n = 9/group, mean tumor volume
=+ SEM for the time that at least half the animals in the group remained
on study).

Anti-DLL4 showed robust anti-tumor activity in a wide range

of tumor xenograft models, with some models more dependent
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on DLL4.> MV522 was chosen as a representative model to assess
the efficacious dose range due to its previously characterized sen-
sitivity to anti-DLL4.”> Anti-DLL4 showed anti-tumor activity
even at the lowest dose tested of 1 mg/kg. Maximal anti-tumor
activity was seen at a relatively modest dose of 10 mg/kg with lit-
tle additional gain at higher doses despite a significant increase in
overall exposure (AUCinf). This finding is consistent with the
PK profiles and the tissue distribution data that showed satura-
tion of systemic clearance at doses between 2 and 20 mg/kg indi-
cating saturation of any tissue sinks. Since the efficacy studies
showed maximal efficacy at 10 mg/kg, it suggests that the antigen
in the tumor was likely saturated at a similar dose as in the nor-
mal tissues.

In summary, these studies demonstrated that anti-DLL4 had
nonlinear PK in mice and rapid and specific distribution to sev-
eral normal tissues, including the lung, liver, spleen, kidney and
adrenal gland. The decrease in clearance with increase in dose
suggests the involvement of target-mediated clearance of anti-
DLL4 that could be saturated at higher doses. Indeed, the tissue
distribution study showed that anti-DLL4 distribution could be
saturated by doses as low as 2 mg/kg at the early time points with
higher dose levels needed to maintain tissue saturation over lon-
ger durations. Consistent with the PK and tssue distribution
profiles, maximal efficacy was seen at doses > 10 mg/kg of anti-
DLL4 when non-tumor tissue sinks were presumably saturated.
These findings highlight the importance of mechanistic under-
standing of antibody disposition to enable dosing strategies for
maximizing efficacy.

Materials and Methods

Antibodies

Anti-DLL4 was generated at Genentech Inc. for the in vivo
PK, efficacy, and tissue distribution studies. Anti-DLL4 is a
phage-derived humanized IgG1 monoclonal antibody that binds
selectively to DLL4 from multiple species (mouse, rat, cynomol-
gus monkey, human) with high affinity.'”

Pharmacokinetic study in athymic nude mice

All in vivo PK, tissue distribution, and anti-tumor efficacy
studies were approved by the Institutional Animal Care and Use
Committee at Genentech, Inc. and conducted in compliance
with the regulations of the Association for Assessment and
Accreditation of Laboratory Animal Care. For the PK study,
female athymic nude mice received a single IV dose of 0.2, 2, or
20 mg/kg of anti-DLL4 via the tail vein (n = 15/group). Blood
samples were collected via retro-orbital bleeds performed on
alternating eyes and the terminal blood sample was collected via
cardiac stick from each animal in each dosing group at the fol-
lowing time points with three mice per time point: 10 min, 1, 3,
5,8, and 24 h; and 2, 3, 4, 7, 10, 14, 17, 21, and 28 d. Samples
were processed to collect serum for measurement of ant-DLL4
concentrations. Composite serum-concentration time profiles
were constructed for pharmacokinetic analysis.
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Radiolabeling of anti-DLL4 with Iodine-125 and
Indium-111

For tissue distribution studies, anti-DLL4 was radiolabeled
separately with either lodine-125 ['®1] or Indium-111 ["''In].
For ['¥°T] labeling, the indirect iodination addition method as
previously described was used.?* The ['*’I] radiolabeled protein
was purified using NAP5™ columns pre-equilibrated in PBS.
For ['''In] labeling, a previously reported method was used.”’
Briefly, anti-DLL4 was conjugated with DOTA (1,4,7,10- tetraa-
zacyclododecane-N,N’,N”,N""’_tetraacetic acid) and [""'n] was
incorporated into DOTA. The radiolabeled antibodies were
shown to maintain comparable antigen binding to its unmodified
counterparts by ELISA and were shown to be intact by size-exclu-
sion HPLC with no evidence of aggregation or degradation. The
specific activity for ['*°I] labeled antibody was 14.13 wCi/p.g
and the specific activity for ['''In] labeled antibody was
13.16 pnCi/pg.

Tissue distribution study in athymic nude mice

Female athymic nude mice (n = 15/group) received a single
IV dose of radiolabeled anti-DLL4 (['*°I]-anti-DLL4 mixed
with ['!'In]-anti-DLL4 at 200 WCi/kg each), either alone (tracer
group) or along with unlabeled anti-DLL4 at 2 mg/kg or
20 mg/kg. All animals received an intraperitoneal injection of
30 mg/kg sodium iodide at 1 and 24 h before dosing to prevent
['*°] sequestration to the thyroid. Following dosing, blood sam-
ples were taken at 15 min, 4 h, 1, 4, and 7 d (n = 3 per time
point in each group) via retro-orbital bleed and processed for
plasma. Various tissues were also harvested from these animals at
the same time points (n = 3 per time point in each group),
including liver, lungs, kidneys, heart, spleen, brain, bone mar-
row, gastrocnemius, adrenal glands, fat pad and skin. The radio-
activity levels in plasma and tissues were measured using a
gamma counter and expressed as percentage of injected dose per
mL or per gram of sample (%ID/mL or%ID/g). P values were
determined using student # test comparing (i) the radioactivity in
different organs with that in plasma in the tracer group, and (ii)
tissue radioactivity in the tracer alone group with that in 2 mg/
kg or 20 mg/kg groups, respectively. P value < 0.05 is defined as
significantly different.

Anti-tumor efficacy study in mice bearing MV522 human
lung tumor xenografts

Female athymic nude mice were each injected with 10 million
human lung carcinoma MV522 cells, subcutaneously in the right
dorsal flank. The MV522 cells were obtained from cultures
grown at Piedmont Research Center (original source: Dr. Kelner
from University of California at San Diego) and cultured in
RPMI 1640 supplemented with 10% fetal bovine serum and
2 mM L-glutamine. When tumors reached a volume range of
70-210 mm’, mice were randomized into seven groups (n = 9
per group) and received a single IV dose of phosphate buffered
saline (vehicle control group) or anti-DLL4 (treatment groups) at
doses of 1, 10, 20, 30, 60, or 100 mg/kg. For each group, blood
samples were collected from the retro-orbital sinuses of 3 mice
per time point at 4 h and 1, 3, 7, 14, and 21 d post dose and
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processed for serum for measurement of ant-DLL4 concentra-
tions. Composite serum-concentration time profiles were con-
structed for pharmacokinetic analysis. Tumors were measured
twice each week for the duration of the study and tumor volume
was calculated using the following formula: Tumor Volume
(mm’) = (length x width?) x 0.5. The results were shown as
mean tumor volume =+ standard error of the mean (SEM) for
the time that at least half the animals in the group remained on
study. TTD was calculated and is defined as the time in days for
a tumor to double in volume from the day of randomization.

Bioanalysis of serum and plasma samples

Serum samples from the PK and efficacy studies were analyzed
for ant-DLL4 concentrations using a quantitative ELISA. A
DLL4 extracellular domain protein with a histidine tag was used
as the capture reagent and goat anti—human IgG1-Fc-horserad-
ish peroxidase as the detection reagent. The minimum quantifi-
able concentration was 1.6 ng/mL in the PK study and 0.65 ng/
mL in the efficacy study.

Pharmacokinetic Data Analysis
Serum concentration-time profiles from the PK and efficacy
studies were used to estimate the following PK parameters in

mouse using non-compartmental analysis (WinNonlin, Phar-
sight Corporation, Mountain View, CA): total drug exposure
defined as area under the serum concentration—time curve
extrapolated to infinity (AUCinf), total clearance (CLtot), vol-
ume of distribution at steady-state (Vss), and observed maximum
serum concentration (Cmax). A naive pooled approach (combin-
ing data from all animals in each dose group) was used to provide
one estimate of each parameter for each dose group.
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