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Abstract PTK/ZK is a novel, oral angiogenesis inhibitor
that specifically targets all 3 vascular endothelial
growth factor (VEGF) receptor tyrosine kinases and is
currently in phase III clinical trials. In early clinical
trials, PTK/ZK demonstrated a dose-dependent reduc-
tion in tumor vascular parameters as measured by dy-
namic contrast-enhanced magnetic resonance imaging
(DCE-MRI) and an acute increase in plasma VEGF
levels. The reduction in tumor vascularity was signifi-
cantly correlated with improved clinical outcome in
patients with advanced colorectal cancer and liver
metastases. To assess the predictive value of a mouse
model of tumor metastases, comparisons were per-
formed for the biological activity of PTK/ZK in the
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mouse model and in patients with liver metastases in
the clinical phase I trials. An orthotopic, syngeneic
mouse model was used: C57BL/6 mice injected in the
ear with murine B16/BL6 melanoma cells which
metastases to the cervical lymph-nodes. The primary
tumor and spontaneous metastases express VEGF and
VEGF receptors and respond to treatment with VEG-
FR tyrosine kinase inhibitors. PTK/ZK was adminis-
tered orally, with assesments by DCE-MRI of the
metastases and plasma VEGF taken predose and at
3 days posttreatment and efficacy determined at 7 days
posttreatment. Dose-ranging studies in naive mice
provided preclinical pharmacokinetic data, while two
dose-escalation phase I studies provided clinical phar-
macokinetic data. An exposure-response relationship
was observed both for mouse metastases (measured as
% tumor weight treated/control) and for human liver
metastases (measured as % regression). In the B16/BL6
model, the active dose of 50 mg/kg PTK/ZK yielded
62.4 (£ 16.0) h uM plasma exposure, which is com-
parable to the plasma area under the concentration
time curve (AUC) achieved by the 1000 mg dose of
PTK/ZK used in clinical trials. At this exposure level in
clinical trials, DCE-MRI showed a reduction in the
area under the enhancement curve (IAUC) to 47% of
baseline. At a similar exposure in the PTK/ZK-treated
mice, a reduction in IAUC to 75% of baseline was
observed. Furthermore, at doses of 50 mg/kg PTK/ZK
and above, an increase in plasma VEGF level 10 h after
drug administration was observed in mice which was
consistent with findings from the clinical trials. In
conclusion, the preclinical pharmacodynamics of PTK/
ZK correlate well with clinical activity in phase I trials
over comparable exposures to the drug. Thus, data
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from this preclinical model proved to be consistent with
and thus predictive of the biologic effects of PTK/ZK
in phase I/II clinical trials.

Keywords Angiogenesis - VEGF - VEGF receptor
inhibitor - Interspecies scaling - Pharmacokinetic

Introduction

Contemporary approaches to drug development are
target-based, with the target being the one that is
implicated in the molecular or cellular pathology of
cancer. Specifically, in vivo models in the development
of signal transduction modifiers and tumor angiogenesis
inhibitors are used to demonstrate the fact that the
required drug-target interaction takes place, and that
interaction leads to the desired downstream biological
effects. Increasingly, such biological effects are not
measured as tumor regression, but are assessed using
pharmacodynamic assays or biomarkers. As such, vali-
dated in vivo models and proven biological markers for
drug effects are two important components in preclinical
and early clinical drug development that will allow for
an accelerated selection of successful drug candidates as
well as an expedited identification of the clinically active
dose.

PTK787/ZK 222584 (PTK/ZK), generic name vat-
alanib, is an orally active angiogenesis inhibitor blocking
all known vascular endothelial growth factor receptors
(VEGF-R) with slightly greater potency against the
VEGF-R1 and VEGF-R2 [1-3]. It is approximately
sevenfold less active against the mouse receptor than
against the equivalent human receptor. The in vitro
IC50s (uM) for the isolated protein kinases are the
following: 0.037 (VEGF-R2, KDR, human), 0.077
(VEGF-R1, Flt-1, human), 0.271 (VEGF-R2, FIk,
mouse), 0.660 (VEGF-R3, Flt-4), and 0.580 (PDGF-R).
PTK/ZK demonstrated dose-dependent inhibition of
VEGF-induced proliferation of human umbilical vein
endothelial cells with an IC50 of 0.007 uM, and in vivo,
primarily reduced the number of immature tumor
microvessels accompanied by hemodynamic dilation of
the remaining vessels [3, 4].

Recently, dynamic contrast-enhanced magnetic
imaging (DCE-MRI), which measures vascular perfu-
sion and permeability characteristics of tumors, was
established as a clinical biomarker for early assessment
of antiangiogenic activities in patients with colorectal
cancer and liver metastases [5]. An integrated assessment
of exposure-response relationships was performed using
pharmacokinetic, pharmacodynamic (as assessed by
DCE-MRI), and tumor response data from two phase I
trials. The findings demonstrated a strong correlation
between PTK/ZK exposure and changes in tumor
vascularity measured by DCE-MRI, and further showed
that DCE-MRI was a strong predictor of tumor
response. The selected biologically active dose, under

evaluation in phase III trials to confirm efficacy in pa-
tients with colorectal cancer and liver metastases, was
chosen based upon achieving a plasma area-under-the-
concentration-time-curve (AUC) for PTK/ZK that was
associated with a threshold DCE-MRI effect for non-
progressive disease.

The discovery of DCE-MRI as a “biomarker” for
assessment of antiangiogenic activity has generated
much interest in both the preclinical as well as the clin-
ical community. DCE-MRI is currently being used to
profile compounds for activities in preclinical research;
however, a formal analysis to compare the relationship
between preclinical results to the clinical findings has not
been well documented. Therefore, the purpose of this
investigation was to assess retrospectively, whether the
results of PTK/ZK treatment in a mouse B16/BL6
metastatic tumor model could be translated to the
findings in the two clinical phase I trials. Supportive
comparative analysis for efficacy and other markers of
antiangiogenesis, i.e. plasma VEGF, were also
performed.

A preclinical model of colorectal liver metastasis was
not available; however, the B16/BL6 melanoma model is
an orthotopic and syngeneic mouse model where spon-
taneous metastases form in the cervical lymph-nodes
from the primary tumor growing from cells implanted
intradermally in the skin of the ear. The metastases ex-
press VEGF and VEGFR [6] and respond to treatment
with VEGFR tyrosine kinase inhibitors. Because the
B16/BL6 metastases are highly vascularized, they pro-
vide an excellent signal for DCE-MRI assessment. In
this investigation, the pharmacodynamic effects achieved
across a range of equivalent PTK/ZK exposures in mice
bearing B16/BL6 melanoma and in patients from Phase
I clinical trials were compared to determine whether the
preclinical model is predictive of clinical response. In
PTK/ZK treated mice, the findings showed that the
maximum antitumor activity and effects on DCE-MRI
were observed at PTK/ZK exposures which correspond
to the exposure achieved by the selected clinically active
dose for evaluation in Phase III trials.

Method

Clinical studies
Phase I studies

The patients, included in this analysis, were with histo-
logically confirmed advanced colorectal cancer with liver
metastases from two phase I dose escalation studies at
centers involving the oncology and radiology depart-
ments at Leicester, UK (Study 0101) and Freiburg,
Germany (Study 0101 and 0103). PTK/ZK was admin-
istered orally on a continuous-once daily schedule on
28-day cycles until patient discontinued from study due
to intolerable toxicity or tumor progression. The starting



dose was based on preclinical toxicity data with the
subsequent dose escalation levels using an approximated
Fibonacci Series: 50, 150, 300, 500, 750, 1000, 1200,
1500, and 2000 mg.

Pharmacokinetic assessments

Full pharmacokinetic samples were obtained on days 1,
15, and 28 in the first cycle of therapy at the following
time points: predose (0), 0.25, 0.5, 1, 1.5, 2, 4, 6, 10, and
24 h postdose. Using a noncompartmental method
(WinNonlin Pro 3.2, Pharsight Corp), AUC..was
calculated on day 1 using the linear trapezoidal rule up
to the last measurable data point, and then extrapolated
to infinity. AUC(.,4 was calculated on day 28 using the
linear trapezoidal rule up to 24 h postdose.

DCE-MRI assessments

DCE-MRI imaging was performed at baseline (within
1 week prior to treatment with PTK/ZK), on day 2 and
on day 28 and 56. Posttreatment effects (expressed as %
of baseline) were assessed on day 2, 28 and 56. Tumor
permeability and vascularity were assessed by calculat-
ing the bi-directional transfer constant (K;) and the area
under the enhancement curve (IAUC) over 4.5 min. This
IAUC is equivalent to that measured and defined in the
animal model (see below). A review of the literature
shows that % changes in K; and TAUC are broadly
correlated [6, 7, 8].

Plasma markers of angiogenesis assessments

Plasma and serum samples were obtained for markers of
angiogenesis and activated endothelial cells (VEGF,
bFGF, sTIE-2, sE-SEL) in every treatment cycle. All
samples were collected at baseline and at time points
immediately before dosing on days 1, 8, 15, 22, and 28.
All data were expressed as % of baseline, and the
average of % of baseline were used in the assessment for
posttreatment effects.

Tumor size assessment

Patients were evaluated for tumor response at the end of
every 28-day cycle using the solid tumor response
criteria (SWOQG) [9]. All measurable, evaluable, and
nonevaluable lesions were accounted for in the tumor
assessment, with measurable lesions quantified by using
the product of perpendicular diameters. The best tumor
response was defined based on the sequence of tumor
response at the end of the first and/or second cycle of
treatment. The categories for best tumor response are as
follows: “Progressive” (P): patients who progressed
within the first two cycles of treatment; “Nonprogres-
sive” (NP): patients who maintained stable disease for
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the first two cycles of treatment; and “Not evaluable”
(NE): patients who did not have sufficient tumor
response data to be categorized as P or NP. The change
in the size of the measured lesions (expressed as % of
baseline) at the end of cycle 1 or 2 were included in the
efficacy analysis.

The complete details of the clinical trials and DCE-
MRI methodology and soluble marker bioanalytical
assays are described in Morgan et al. [5] and Drevs et al.
[10].

Preclinical studies
Animal model

Female C57BL/6 mice were used for all experiments.
Murine B16/BL6 melanoma cells were originally
obtained from Prof 1J. Fidler, (MD Anderson Cancer
Centre, Texas, USA). B16/BL6 cells were injected
intradermally in both ears of the mice as described
previously [6]. The primary tumors are clearly visible
within 7 days and metastasize rapidly to the cervical
(neck) lymph-nodes which are palpable by day 14. All
experiments were started at approximately 14 days after
cell inoculation. For this analysis, only the cervical
lymph-node metastases were studied for the effects of
PTK/ZK on tumor size and tumor vascularity/perfusion
as measured by DCE-MRI.

Pharmacokinetic assessments

Plasma samples for measurement of drug concentrations
were obtained after single PTK/ZK administration
(doses: 10, 50, and 200 mg/kg, p.o., 3 to 4 mice per dose
group) to the tumor-bearing mice at the following time
points: predose (0), 0.5, 2, 6, 10, and 24 h postdose.
Concentrations of PTK/ZK were measured by HPLC as
described previously [1]. Using a noncompartmental
method (WinNonlin Pro 3.2, Pharsight Corp), AUC,.
~was calculated on day 1 using the linear trapezoidal
rule up to the last measurable data point, and then
extrapolated to infinity. Full pharmacokinetic samples
at the highest tolerable doses were also obtained in naive
mice, rat, and dog for the purpose of allometric scaling.
Compartmental methods were used to estimate the
pharmacokinetic parameters.

DCE-MRI assessments

Tumor vascularity/perfusion was assessed by DCE-MRI
following bolus i.v. injection of the contrast agent
GdDOTA (Dotarem, 0.1 mmoles/kg) on day 0 (base-
line) and day 3 posttreatment and the effect expressed as
% of baseline as previously described [6, 11]. Parameters
for MRI include vascular permeability (VP), i.e., the
initial slope for GdADOTA uptake, interstitial leakage
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space (LS), i.e., the plateau for GADOTA, and the initial
TAUC from time 0 to 102 s which is related to VP and
LS and is equivalent to the IAUC measured in the clinic
[6]. Only data for the IAUC is presented. In addition, in
the same animals, tumor uptake of Endorem (Feridex,
Guerbet Laboratories), a large molecule suprapara-
magnetic iron oxide MRI contrast agent, was measured,
providing a measure of blood flow index (BFI) and
relative blood volume (rBVol) [6, 11]. Selected doses
were also based on prior pharmacology [1] and toxi-
cology experiments with at least 4 mice per dose group:
0, 3, 30, 50, 100, and 200 mg/kg, p.o. on a daily sche-
dule. There were some dropouts with the highest dose
due to technical failures, so data for the 200 mg/kg dose
is not shown.

Plasma markers of angiogenesis assessments

Plasma samples were taken from several mice at differ-
ent time points: 0.5, 2, 6 and 10 h post a single treatment
with PTK787 (0, 10, 50 and 200 mg/kg p.o.) from mice
bearing established metastases (14 day post cell inocu-
lation in the ear). Samples were collected in separation
tubes, allowed to stand at room temperature for 90 s
and then spun at 4°C for 7 min at 7000 rpm (Sigma
MK). The supernatant was taken and tested immedi-
ately. VEGF concentration was measured using an
ELISA assay kit for murine VEGF (R & D Systems,
London, UK).

Tumor size assessment

Tumor size measurements were performed on day 7
posttreatment by removal of the metastases and com-
parison of the final weight with the vehicle treatment
group (expressed as %T/C). Selected doses were based
on prior pharmacology and toxicology experiments with
4 to 6 mice per dose group: 3, 30, 100, and 200 mg/kg
administered, p.o. on a daily schedule.

Preclinical and clinical data analysis: comparison
and correlation

Previously, it was shown that a mathematical model,
such as an inhibitory E ., model, best characterizes the
relationship between biomarker effect of the drug using
MRI K; and the drug exposure [5]. In the current
analysis, the same modeling was attempted for MRI and
efficacy for both preclinical and clinical data. An MRI-
derived parameter, the initial IAUC from contrast
injection to a time 270 s later, was used instead of K;
since this could be calculated for both preclinical and
clinical data. To accommodate a limited number of data
points, the MRI TAUC data from day 2 and day 28
(EC1 = end of cycle 1) were pooled in the modeling. For
efficacy assessment, %T/C was used for preclinical data

and % of baseline measured tumor size was used for
clinical data.

Effect = Ey — (Ey — Emax) X ( AUC >

AUC + E uceso

where Effect is MRI TAUC or efficacy achieved with
PTK/ZK AUC, E, is baseline MRI IAUC OR efficacy
(NIOOO/O), EAUCSO is PTK/ZK AUC in which 50% of
E.x 1s achieved, E.,, i1s maximum MRI TAUC or
efficacy. *AUC in equation denotes PTK/ZK AUC.

Parameters were estimated using the Nelder Mead
Simplex [12] algorithm and a weighting scheme was
used, if appropriate. The E, parameter was fixed at
approximately 100% due to high variability in MRI as it
approaches 100%. The final model was selected based
on a battery of diagnostic tests, including graphical
evaluation of the residual plots and comparison of
Akaike [13] and Schwarz [14] criteria.

As the intent of this evaluation was to assess how well
the preclinical data translates to the clinical data, the
preclinical data was used to predict a theoretical clinical
PK-PD, and this was compared to the observed clinical
PK-PD data. The predicted clinical PK-PD data was
simulated using modeled preclinical parameters which
were ‘‘scaled-up” to approximate clinical parameters.
Preclinical PK parameters were scaled-up using allo-
metric methods, where clearance (Cl) and volume of
distribution (V) were predicted using the equation
expressed below. This variation of the allometric meth-
od, incorporating brain weight (BW), was selected based
on initial evaluation of the preclinical data obtained
from the mice, rat, and dog [15, 16]

PK parameter x BW = a(W)"

where PK parameter is Cl or V, BW is brain weight (kg),
W is body weight (kg), ais allometric coefficient of
equation, b is allometric exponent of equation.

The absorption rate constant (ka) was estimated from
rat data, as physiological properties in this species were
found to best correlated to man [17]. Using the scaled
PK-PD parameters, a range of AUCs were simulated for
single clinical doses (50-2000 mg). Thereafter, the MRI
effects for the range of AUCs were simulated using the
PK-PD model. Graphical comparisons for the predicted
and observed MRI effects in human were performed
over the entire PTK/ZK exposure range. No formal
inferential statistics was performed. In addition, com-
parison of changes in plasma VEGF levels with PTK/
ZK treatment between that of the animal and man were
graphically performed.

Results
Clinical studies

The dose-PTK/ZK exposure (day 28) relationship is
shown in Fig. 1 (top) and the PTK/ZK exposures (days 1



200 Man

175 | )
150 | o o
125 |
100 |

AUC day 28 (hr*uM)
o
[ )
[ )

N O
a O
T T
(_ J

[ ]

1000 1500 2000
Dose (mg)

Mouse

o
3

0 500 2500

300
[ ]

250 I .

200 r .7

150 | S

100 I e

AUC day1 (hr*uM)

[$)]
o
T
\
\
°

0 _‘ 1 1 1 1

100 150 200
Dose (mg/kg)

250

Fig. 1 Dose versus plasma AUC for PTK/ZK in man on day 28
(top) and in mouse on day 1 (bottom) with linear regression

Table 1 Mean + (SD) plasma AUC for PTK/ZK in man after
single and multiple doses

Dose (mg/day) Pharmacokinetic parameter

N = (day 1/day 28)

AUC,... AUCy4
(day 1) (day 28)
50 (2/2) 3.142.49 4.22+1.67
300 (3/3) 15.19£6.94 14.97+6.99
500 (3/3) 73.69+29.44 47.50+£3.93
750 (3/3) 94.28 + 83.66 56.97+£21.24
1000 (5/5) 241.10+89.84 88.67+39.12
1200 (6/2) 250.1+161.5 166.3+11.59
1500 (1/0) 126.5 -
2000 (3/2) 204.9+118.8 93.9+72.30

These noncompartmental PK parameters were derived from PTK/
ZK plasma concentration data obtained on day 1 and day 28 from
patients with colorectal cancer and liver mestastases, who received
continuous once-daily PTK/ZK doses
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and 28) achieved for each dose level are listed in Table 1.
The PTK/ZK exposure achieved up to 1000 mg/day
appears to be dose proportional, while the PTK/ZK
exposures above 1000 mg/day appears to have reached a
plateau. The result of fitting to an inhibitory E,,,, model
for the MRI TAUC to plasma AUC (exposure) and
efficacy to plasma AUC (days 2 and 28) are shown in
Fig. 2. The corresponding parameters for these fittings
are listed in Table 2. An ECsy for the MRI IAUC that
was similar to the ECs, for efficacy indicated that the
MRI IAUC is likely a marker of biological activity.

Legend: P = Progressors. NP = Non-Progressors. NE = Not Evaluable.
*2 Patients with very high IAUC not shown on graph.

® Day2 (NP)
160 A Day28 (NP)
——Regression
140 | O Day2(P)
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€ 100
s A
2 80
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Legend: P = Progressors. NP = Non-Progressors. NE = Not Evaluable.
*Tumor measurement on day 28, if day 56 is not available.
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Fig. 2 Man: exposure-response relationships as characterized by
an inhibitory Emax Model. Top: % of Baseline IAUC versus PTK/
ZK AUC. *2 patients with very high IAUC not shown on graph. In
man, all available DCE-MRI of metastases and PTK/ZK plasma
AUC data from day 2 and day 28 were fitted to an inhibitory Emax
model to obtain E,, Epyc, and E,,,. Bottom: % of baseline tumor
regression versus PTK/ZK AUC. *Tumor measurement on day 28,
if day 56 is not available. All available tumor size (day 56, liver
metastases) and PTK/ZK plasma AUC (day 28) were also fitted to
an inhibitory Emax model to obtain E,, Exyc, and E ... Legend:
P progressors, NP nonprogressors, NE not evaluable
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Table 2 Estimated inhibitory E,,,, parameters (CV%) for plasma PTK/ZK AUC versus MRI IAUC and antitumor activity in man versus

mouse
Man Mouse
MRI Efficacy MRI Efficacy (%T/C)
(% of baseline IAUC) (% of baseline tumor size) (% of baseline IAUC)

Eo 104.9 (14.7) 145.3 (10.2) 98 (11.2) 98.7 (14.9)

E sucso 48.4 (68.1) 41.9 (97.3) 69.8 (267) 78.4 (213)

Enax 20.8 (52.8) 22.7 (38.5) 59.9 (68.9) 35.8 (144.5)

In man, all available DCE-MRI of metastases and PTK/ZK plas-
ma AUC data from day 2 and day 28 were fitted to an inhibitory
Emax model to obtain E,, Eoyc, and E,,,.«. All available tumor size
(day 56, liver metastases) and PTK/ZK plasma AUC (day 28) were
also fitted to an inhibitory Emax model to obtain E,, Epyc, and
Emux

The MRI findings, supported by the efficacy data,
suggests that most of the patients with “nonprogressive”
disease achieved a PTK/ZK exposure of 50 h uM. At
this exposure, the threshold MRI TAUC required for
“nonprogressive” disease is approximately 60% of
baseline IAUC (or 40% reduction in enhancement). This

In mouse, all available MRI (day 3) and PTK/ZK plasma AUC
(day 1, derived from dose) were fitted to an inhibitory Emax model
to obtain E,, Eauc, and E .. All available % T/C tumor size (day
7, metastases) and PTK/ZK AUC (day 1, obtained from dose)
from day 28 were also fitted to an inhibitory Emax model to obtain
an EAUC7 and Emax

PTK/ZK exposure is achieved on day 28 with at least
1000 mg (562 mg/mz) dose, where 50 h uM PTK/ZK
exposure is approximately one standard deviation below
mean exposure.

At 1000 mg dose and higher, a substantial rise in
plasma VEGF and bFGF within 28 days of PTK/ZK

a Doses >= 1000 mg
o m VEGF
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'
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0
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Fig. 3 a Clinical: changes in % of baseline for soluble markers over
56 days of PTK/ZK treatment in patients who received at least
1000 mg dose. In man, this figure demonstrates a substantial
increase in % change VEGF and bFGF from baseline for patients
with colorectal cancer and liver metastases, receiving at least
1000 mg continuous once-daily PTK/ZK within the first 2 cycles of
treatment (56 days). Below 1000 mg, % change in VEGF and

[ma/kg p.o.once]

bFGF was negligible and was not shown in the graph.b Preclinical:
changes in plasma VEGF within 24 h of PTK/ZK treatment in
mice (10, 50 and 200 mg/kg). In mouse, this figure also demon-
strates the change in soluble markers from baseline, expressed in
actual values. A significant rise in VEGF was observed at 50 mg
(10 h), a dose with AUC that approximates at least 1000 mg dose



Table 3 Mean + (SD) plasma AUC PTK/ZK for mice after a
single dose

Dose (mg/kg/day) Pharmacokinetic
N = (day 1) parameter
AUC...
(day 1)
10 (4) 5.95+1.83
50 (3) 62.42+16.02
200 (3) 238.66+27.31

These non-compartmental PK parameters were derived from PTK/
ZK plasma concentration data obtained from B16/BL6 mice after a
single PTK/ZK dose

treatment was observed as shown in Fig. 3a. At doses
below 1000 mg, the change in plasma VEGF and bFGF
was negligible.

Preclinical studies

The dose-PTK/ZK exposure relationship is shown in
Fig. 1 (bottom), and the PTK/ZK exposures achieved
for each dose level are listed in Table 3. The result of
fitting to the inhibitory E,,., model for the MRI-IAUC
versus the dose of PTK/ZK and the efficacy versus the
dose of PTK/ZK are shown in Fig. 4. The parameters
for the fittings are listed in Table 3.

The combined MRI and efficacy result suggests that
50 mg/kg (170 mg/m?) achieved the maximum results in
terms of reduction in enhancement and reduction in
tumor growth compared to control (Fig. 4). For the
efficacy assessment, the results for 50 mg/kg was per-
formed in a separate experiment and showed very sim-
ilar %T/C to the 100 mg/kg dose (not shown in Fig. 4
bottom). The observed maximum efficacy on tumor
growth achieved was an activity level of 36% T/C (64%
reduction in tumor growth compared to control). In
contrast, the observed mean maximum DCE-MRI effect
achieved was 75-76% of baseline TAUC (or 25-24%
reduction in enhancement) for the 100 and 50 mg/kg
doses, respectively, which was statistically significant
(P £0.032) compared with baseline (2-tailed paired
ttest) as shown in Fig. 4 (top).

Vehicle or 10 mg/kg PTK787 treatment did not affect
plasma VEGF levels over the 10 h posttreatment, but
the efficacious doses (50-200 mg/kg) induced significant
increases compared to baseline after 10 h (Fig. 3b)
which was consistent with the clinical data described
above for VEGF (Fig. 3a).

Clinical-preclinical comparison and correlation

The result of the allometric scaling for the PK
parameters (Cl, V) using three species (mouse, rat,
dog) is shown in Fig. 5. Using the allometric equa-
tions with the fitted coefficient and exponent, the
percent error for the predicted PK parameters were
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Fig. 4 Mouse: exposure-response relationship. Top: % of baseline
TIAUC versus PTK/ZK AUC. In mouse, all available DCE-MRI of
metastases (day 3) and PTK/ZK plasma AUC (day 1, derived from
dose) were fitted to an inhibitory Emax model to obtain E,, Exyc,
and E,.x. Bottom: % of baseline tumor response versus PTK/ZK
AUC. All available % T/C tumor size (day 7, metastases) and
PTK/ZK plasma AUC (day 1, obtained from dose) from day 28
were also fitted to an inhibitory Emax model to obtain E,, Exyc,
and E,.x. * In a separate experiment, %7T/C at 50 mg/kg was same
as 100 mg/kg

39% (CI/F) and 5% (V/F). The PK AUCs simulated
in the clinical dose range of 50-2000 mg were gener-
ally overestimated; however, this should not impact
the result since the MRI effects were simulated for
a wide range of PK AUCs spanning from 0 to
500 h*uM. Accordingly, the PK AUCs should be used
as an initial target surrogate for achieving the desired
MRI effect in the clinical studies. Since the MRI effect
is highly correlated to PK AUCs, they may represent
the exposure achieved either after first dose or at
steady state.
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(mouse, rat, dog), and prediction of Cl and V in man. Top:
allometric scaling (including brain weight) using fitted CI/F
parameter for mouse, rat and dog after a single PTK/ZK dose.
Result show that predicted CI/F in man lies within 95% CI of
observed CI/F in man on day 1. Bottom: allometric scaling
(including brain weight) using fitted V/F parameter for mouse, rat
and dog after a single PTK/ZK dose. Result show that predicted V/
F in man lies within 95% CI of observed V/F in man on day 1

The mouse PD parameter obtained from fitting the
MRI TAUC effect were used in the prediction. The
comparison between the predicted MRI effect in man,
using scaled PK-PD parameters, versus the observed
MRI effect is depicted in Fig. 6. An evaluation of the
MR-IAUC effect curves suggests that the preclinical
PK-PD data obtained from the B16/BL6 melanoma
model can approximate the sensitivity of effect
(Eaucso: potency). However, the maximum effect (Ey:
efficacy) was substantially lower in man compared to
the B16/BL6 melanoma model. The differences in
reduction of IAUC may be explained by the depiction
in Fig. 7a, which indicates a strong trend for PTK/ZK
(30-100 mg/kg) to increase blood flow in the B16/BL6
melanoma, while rBVol was unchanged (Fig. 7b). Since
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Fig. 6 Predicted MRI effects in man (mouse-scaled) versus
observed MRI effects in phase I trials. The dotted line depicts the
fitted regression curve to observed DCE-MRI data from phase |
studies (Fig. 2, top). The dark line represents the predicted MRI
effect in human via simulation using scaled PK parameters and PD
parameters obtained from preclinical species. This is a comparative
figure demonstrating the differences and similarities in exposure-
effect between the observed phase I data versus predicted human
data based on preclinical data

the GADOTA contrast agent is influenced by flow as
well as permeability, the increased blood flow would
reduce the extent of the apparent decrease in the
IAUC. This effect probably occurs to a lesser extent in
patients due to the less chaotic nature of the tumor
blood supply compared to the B16 which grow par-
ticularly fast; therefore, any ‘normalization’ of the tu-
mor vasculature (see below) would be more dramatic in
the mouse.

In retrospect, should the mouse exposure-effect data
be available prior to start of clinical studies, the target
exposure to aim for would be that which corresponded
to the maximum MRI effect, i.e., at 50 mk/kg. In the
mouse model, a single dose of 50 mg/kg achieves a
PTK/ZK exposure of 62.42+16.02 h*uM. The lower
limit of standard deviation is 46.4 h*uM and this is
comparable to the PTK/ZK exposure of 50 h*uM at
the 1000 mg dose level in patients. Doses of 1000 mg
and above were required for nonprogressive disease in
the clinical studies and a dose of 1200 mg/day was
chosen for further evaluation in the phase 1I/III PTK/
ZK trials. Thus, the drug exposure required for the
maximum MRI effect and antitumor activity in the
mouse tumor model is similar to the drug exposure at
clinically active doses for PTK/ZK in patients. Fur-
thermore, the rise in plasma VEGF levels after 10 h in
mice and man supports 1000 mg as the biologically
active dose.
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Fig. 7 Effect of PTK787 on DCE-MRI measured blood-flow (a)
and blood volume (b) in B16/BL6 lymph-node metastases. B16/
BL6 lymph-node metastases were studied with DCE-MRI as
described in Method using the intravascular contrast agent,
Endorem, to determine a tumor blood flow (BFI) and b the
relative tumor blood volume (rBVol). Tumors were studied both
before treatment (baseline) and 3 days after daily treatment with
vehicle or PTK/ZK at the different doses shown. Results show the
mean+SEM percentage change pooled from several different
experiments for the different treatments of 0, 3, 30, 50 and
100 mg/kg PTK/ZK using 17, 8, 12, 4 and 12 mice, respectively

Discussion

Comparatively, little research has been done to assess
the validity and predictability of the animal models
which are used to extrapolate to the clinical situation. In
general, opinions differ considerably on the predictabil-
ity of animal models [18, 19]. There are several potential
limitations to approaches that attempt this validation,
due in particular to differences in the pharmacokinetics
of various drugs across species. In addition, differences
in tumor genotypes, phenotypes, and microenvironment
may contribute to variability in response. In spite of
these limitations, animal models are necessary to select
and profile new drugs. In this study, we analyzed whe-
ther the activity of the VEGFR tyrosine kinase inhibitor
PTK/ZK in a mouse metastatic melanoma model cor-
related with response of liver metastases in patients with
colorectal cancer from two phase I clinical trials. Eval-
uations were performed using radiological and soluble
biomarkers such as DCE-MRI and plasma VEGF
which, respectively, measures the change in tumor vas-
cularity and biological tumor response to PTK/ZK
treatment. Direct endpoints such as change in tumor size
with PTK/ZK treatment were also compared in both
animal and man. Earlier studies had already demon-
strated that PTK/ZK treatment decreased tumor
vascularity as measured by DCE-MRI [5, 6] and lead to
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a rise in plasma VEGF levels induced by tumor hypoxia
[10], both of which were associated with antitumor
activities in animals and clinical trials.

In this study, we have confirmed that a change from
baseline in the MRI-measured IAUC for the B16/BL6
melanoma model after treatment with PTK/ZK ap-
peared to correlate well with antitumor activity of the
agent. Interestingly, the efficacy of the drug seemed to
plateau at doses of 50 mg/kg, which may reflect that
high concentrations (0.5 mM) are reached in the well-
vascularized cervical lymph-nodes after a single dose
[6]. We then attempted to study the pharmacokinetics—
pharmacodynamic relationships in this mouse model
and tried to correlate it with the clinical results ob-
served in humans. Our data suggests that at drug
plasma exposures above 50 h*uM (achieved at a dose
of 50 mg/kg), maximal efficacy was achieved. Interest-
ingly, similar drug exposures separated the ‘progres-
sors’ from ‘nonprogressors’ in the human clinical trials
of PTK/ZK. Thus, the mouse B16/BL6 melanoma
model appeared to be predictive of both tumor
response and the pharmacodynamic effects of PTK/ZK
in patients at equivalent exposures. Furthermore, con-
sistent with the clinical study, there was a rise in
plasma VEGF after 10 h following treatment with
PTK787, but only for the efficacious doses. It may be
hypothesized that an increase in plasma VEGF level, a
potent angiogenic cytokine, is explained by a feedback
mechanism in which inhibition of new blood-vessel
formation by PTK/ZK induces tumor hypoxia which in
turn stimulates expression of HIF-1 and thus synthesis
of more VEGF [20, 21]. This phenomena was observed
in both the animal model and clinical studies at similar
exposures of PTK/ZK.

There were several considerations in setting up this
model system. The pharmacokinetic and pharmacody-
namic measurements in the preclinical study were de-
signed to mimic the clinical situation. The preclinical
dose range spanned the entire range of PTK/ZK expo-
sure achieved in the clinical studies. Since a variant form
of CYP3A4 enzyme exists in mice and no enzyme
induction was observed, PK sampling taken after the
first dose was sufficient to represent clinical PTK/ZK
exposure achieved at steady state. The tumor doubling
time for mouse is 2-3 days [6], while the tumor doubling
time for man, i.e., in this case liver metastases, is
approximately 2 months [22]. Based on this estimate,
preclinical tumor efficacy assessments after one week of
treatment should represent the clinical tumor stage at
the end of cycle 2. It should also be noted that %T/C
was used in preclinical assessments of antitumor activity
because tumors did not regress (tumor growth was in-
stead delayed), and was the best representation of the
clinical % of baseline tumor regression. Due to limita-
tions in mouse size and blood volume, serial PK and PD
measurements could not be made in the same animal
and this was a source of data variability.

Even though the current experiments were designed
to recapitulate the clinical situation, some limitations
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are nevertheless likely. Metabolism patterns are known
to be highly variable between species leading to dif-
ferences in the rate of metabolism, levels of enzymes,
and substrate specificity. In particular, the cytochrome
P450 metabolizing enzymes consists of considerable
variations in the primary amino acid sequence across
species. Drugs and their metabolites are usually elimi-
nated from the body via urine or bile, and yet the
urinary excretion and the overall elimination of drugs
depend on the nature of the drugs and species. In
addition, differences in pharmacological effects may be
due to differences in receptor sensitivity and distribu-
tion. Although minimal interspecies differences are
known in basic biochemical and physiological func-
tions, recent studies in cloned receptors and fresh hu-
man tissue have shown that differences in receptor
sensitivity and distribution do exist across species. In
isolated kinase assays, PTK/ZK is approximately sev-
enfold less active against the mouse receptor than
against the equivalent human receptor [1] and is one
likely explanation for differences in potency and effi-
cacy between man and mouse.

Although major pharmacokinetic variables govern
ultimate drug concentration at the target in tumors, we
attempted to correlate pharmacokinetic exposures
across species with pharmacodynamic markers that were
studied and validated in the clinic. It appears that this
approach can be valid although an imperfect correlation
was obtained. This is best illustrated by the results in
Fig. 6 where the difference in the shape of the regression
is probably accounted for by differences in absorption,
metabolism, and tumor heterogeneity across species.
Furthermore, differences in the rate of tumor growth in
mouse and man have to be considered. The more rapid
growth of the mouse tumor model in comparison to
patient tumors is likely to lead to decreases in tumor
blood volume and flow as the tumor outgrows its blood
supply, and treatment with an antiangiogenic such as
PTK/ZK may actually normalize the tumor blood sup-
ply and lead to improved perfusion, as hypothesised by
Jain [20]. This trend was observed in the mouse model,
where the intravascular contrast agent showed PTK/ZK
increased blood flow, and since the DCE-MRI GdDO-
TA measurement is sensitive to both permeability and
flow, the effect on IAUC may be attenuated somewhat
by the increase in blood flow.

Apart from PK, PD and physiological differences
between species, the differences in preclinical and clinical
methodologies for DCE-MRI may also account for
variations in the measured effects. These would include
the different MRI hardware and magnetic field strength
(4.7T vs. 1.5T) and subsequent difference in imaging
protocols. Nevertheless, despite all the potential differ-
ences between species, our data show that the mouse
model gives data that is consistent with and predictive of
the response in man and show that the plasma AUC for
response in the mouse can be used to estimate the active
plasma AUC for patients.

In this investigation, the use of the DCE-MRI in a
preclinical tumor model was evaluated as a translational
marker for predicting antiangiogenic activity in man.
We have shown that the level of PTK/ZK exposure
having a maximal DCE-MRI effect as demonstrated in
the B16/BL6 melanoma model can be used to guide the
clinical dose selection. Maximum tolerated dose cannot
be used to select doses of antiangiogenic drugs since they
have a much greater safety profile than conventional
antitumor therapies. Therefore a biomarker such as
DCE-MRI and/or plasma VEGF can aid the selection
of a more appropriate clinical starting dose and an
accelerated dose escalation scheme to expedite the choice
of the clinically active dose. The transfer of such findings
from mouse to man may not be exact because of the
many interspecies differences in target sensitivity, drug
metabolism, and tumor growth. Nevertheless, the cur-
rent evaluation was successful in demonstrating the
process in which preclinical models and biomarkers can
be used to predict the biologically active dose in man.
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