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Placental Growth Factor and Soluble c-Kit Receptor
Dynamics Characterize the Cytokine Signature
of Imatinib in Prostate Cancer and Bone Metastases

Paul Mathew,” Sijin Wen,? Satoshi Morita,? and Peter F. Thall®

To assess the hypothesis that the dynamics of plasma angiogenic and inflammatory cytokines after docetaxel
chemotherapy with or without the c-kit/abl/platelet-derived growth factor receptor (PDGFR) inhibitor imatinib
mesylate for prostate cancer are associated with outcome, the kinetics of 17 plasma cytokines before versus after
chemotherapy were assessed and associations with progression-free survival (PFS) examined. After adjusting for
multiple tests, significantly different declines in placental growth factor (PIGF), soluble vascular endothelial
growth factor receptor-1 (VEGFR1), VEGF, and soluble c-kit were observed with docetaxel plus imatinib (n=41)
compared to docetaxel alone (1 =47). Based on a piecewise linear regression model for change in concentration
of each cytokine as a function of the probability of change in p-PDGFR in vivo, only the dynamics of PIGF
(P <0.0001) and soluble c-kit (P < 0.0001) differed with imatinib therapy. In a Bayesian log-normal regression
model for PFS, a rise in human matrix metalloproteinase 9 after docetaxel alone associated with a longer PFS.
Distinct plasma angiogenic cytokines are modified by imatinib and partitioned by in vivo p-PDGFR dynamics
after docetaxel chemotherapy for metastatic prostate cancer. Plasma PIGF and soluble c-kit kinetics are candidate
biomarkers of imatinib effect. The predictive value of human matrix metalloproteinase 9 kinetics for docetaxel

efficacy requires prospective validation.

Introduction

MPROVED OUTCOMES WITH docetaxel chemotherapy for

advanced castration-resistant prostate cancer are being
sought with novel combinations that target putative mech-
anisms of disease progression and drug resistance. Pre-
clinical modeling indicated that the platelet-derived growth
factor and its receptor (PDGFR) were upregulated in prostate
cancer cells proliferating within the bone microenvironment
(Uehara and others 2003). The PDGFR was observed to be
upregulated in endothelial cells of vasculature specifically
associated with PDGF-expressing tumor, and the PDGFR
inhibitor imatinib potentiated taxane efficacy via enhanced
endothelial apoptosis, an antivascular effect (Uehara and
others 2003; Kim and others 2006).

Contrary to preclinical estimates, a randomized controlled
study that compared the efficacy of imatinib in combination
with docetaxel versus docetaxel alone in men with castra-
tion-resistant prostate cancer and bone metastases showed
no added benefit with imatinib (Mathew and others 2007).
Unexpectedly, in vivo pharmacodynamic monitoring of
PDGEFR inhibition showed that, within the docetaxel arm, an
increased probability of PDGFR activation in peripheral

blood leucocytes correlated with improved progression-free
survival (PFS) and overall survival (OS) (Mathew and others
2008). Rising plasma PDGF levels were associated with a
decreased probability of PDGFR activation and inferior PFS
(Mathew and others 2008). While the fundamental biological
implications of these observations are yet to be determined,
these partitioned outcomes were not equally detected in the
docetaxel-imatinib combination arm.

To further explore the dynamic signature of plasma cyto-
kines and their prognostic impact after docetaxel chemother-
apy, a panel of 17 additional angiogenic and inflammatory
cytokines was constructed. Individual cytokine kinetics be-
tween baseline (BL) and after docetaxel exposure, modulation
by concurrent PDGF inhibitor therapy, and association with
PFS outcomes were studied.

Methods
Patients

One hundred sixteen men were enrolled to a randomized
study of docetaxel with placebo or imatinib for metastatic
castration-resistant prostate cancer and bone metastases
(Mathew and others 2007). Of these, 88 paired plasma samples

Departments of *Genitourinary Medical Oncology and Biostatistics, University of Texas M.D. Anderson Cancer Center, Houston, Texas.
Department of Biostatistics and Epidemiology, Yokahama City University Medical Center, Yokahama, Japan.
*Present address: Department of Hematology-Oncology, Tufts Medical Center, Boston, Massachusetts.
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at BL and 6 weeks later after one cycle of weekly docetaxel-
based therapy at cycle 2 day 1 (C2D1) were available.

Multiplex cytokine assay

Plasma levels of all analytes described here were sub-
sequently analyzed in duplicates using a multiplex plat-
form, Meso Scale Discovery (MSD) (Gaithersburg, MD).
The analytes were soluble c-kit receptor (c-kit), soluble
vascular endothelial growth factor receptor-2 (sVEGFR2,
KDR), fibroblast growth factor, VEGF, sVEGFR1, placen-
tal growth factor (PIGF), interleukin (IL)2, IL8, IL12p70,
IL10, granulocyte macrophage-colony stimulating factor,
interferon-y, IL6, IL10, tumor necrosis factor-a, trans-
forming growth factor-p, and matrix metalloproteinase-
(MMP)-9. All reagents were provided with the MSD kits
and tests conducted according to the manufacturer’s
instructions.

Statistical methods

Numerical variables were summarized using means and
standard deviations, with association between pairs of vari-
ables estimated by Pearson'’s correlation coefficient (Snedecor
and Cochran 1980). The Wilcoxon signed rank test was used
for 2 sample comparisons of numerical variables (Hollander
and Wolfe 1979), applying the Bonferroni P value correction
for multiple tests {Snedecor and Cochran 1980). For each
cytokine, the Bayesian regression model and method of
Morita and others (2010) were employed to evaluate the ef-
fects of change in the cytokine level from BL to C2D1 on PFS
time while accounting for the effects of hemoglobin, change
in prostate-specific antigen (PSA), and change in p-PDGFR.
For each patient, because p-PDGFR was measured in ~ 2,000
cells both at BL and at C2D1, the within-patient BL. and
C2D1 distributions of p-PDGFR could be estimated very
reliably. Because both the BL and C2D1 distributions of
p-PDGEFR were clearly bimodal for all patients, the within-
patient change in p-PDGFR could not be summarized use-
fully as the difference between the C2D1 and BL sample
means. Rather, a mixture model accounting for the observed
bimodality first was fit and used to estimate the differences
between the right modes, denoted by 8g;, and the differences
between the left modes, denoted by &y, for the within-patient
C2D1-versus-BL distributions of p-PDGEFR, for each patient,
i=1,...,88.

In the Bayesian regression model for PFS (Morita and
others 2010), dg; was used as a covariate representing
change in p-PDGFR from BL to C2D1. This was done be-
cause the values of dr; were much larger than §; and
moreover dg; was strongly associated with longer PFS.
Based on preliminary goodness-of-fit analyses, it was as-
sumed that the logarithm of PFS time was normally dis-
tributed, equivalently, that PFS was lognormal. The linear
component of the lognormal regression model is the mean
of log(PFS time), defined as follows. For patient i and cy-
tokine j=1,..., 17, denote the (BL, C2D1) cytokine values
by (X, Y), the difference between the log-transformed cy-
tokine values by Wj;=log(Y}) — log(Xy), Z;;=1 if treatment
was docetaxel+-imatinib (DI) and 0 if docetaxel+placebo
(DP), Z,;=HD at BL, and Zz;=change in PSA from BL to
C2D1. For cytokine j and patient i, the linear component
was assumed to be

MATHEW ET AL.

1= Po + P1Zai+ {B2Z1i + B3(1 — Zai) } Zoi
+{BaZui + Bs(1 — Z1))} Zs;
+{BsZ1i + Br (1~ Z1:)} Ori
+{BsZui+ Po(1 — Z1i)} Wy

In terms of their effects on PFS time, the parameters in the
linear term may be interpreted as follows:

B1=main DI-vs-DP treatment effect

B, = effect of baseline Hb in the DI arm

B3 =effect of baseline Hb in the DP arm

B4 =effect of change in PSA in the DI arm

Bs =effect of change in PSA in the DP arm

Be =effect of change in p-PDGFR in the DI arm

By =effect of change in p-PDGFR in the DP arm

Bs = effect of change in cytokine value in the DI arm
By =effect of change in cytokine value in the DP arm

Using the large (12 = ~2,000 cells) within-patient p-PDGFR
samples taken at BL and at C2D1, the probability of decrease
in p-PDGEFR after treatment, denoted by Pr(Decr), was esti-
mated very reliably for each patient as a standardized Wil-
coxon statistic. Specifically, each patient’s Pr(Decr) was
computed as the mean over all 0/1 indictors that each BL
value of p-PDGFR was larger than each C2D1 value. For
each cytokine, the following piecewise linear regression
model for the BL to C2D1 change in cytokine value, Wy, as a
function of the estimated Pr(Decr) was fit.

Wi = by,: + e if Pr(Decr) < 0.5
=bo,¢ +by,; * {Pr(Decr) — 0.5}
+ ey if Pr(Decr)>0.5,

for treatment arm { =DI or DP, where e; denotes normally
distributed random measurement error. Under this model, in
treatment arm ¢, on average the BL to C2D1 change in the
cytokine value equals the constant by, if Pr(Decr) <0.5 and
equals the straight line by + by *{Pr(Decr) — 0.5} if Pr(Decr)
> 0.5. The cut-off 0.5 was used because Pr(Decr)=0.5 cor-
responds to no change in the cytokine from BL to C2D1,
whereas Pr(Decr) > 0.5 and Pr(Decr) < 0.5 correspond, re-
spectively, to the cytokine going down or up, on average.
The piecewise linear form was chosen based on preliminary
goodness-of-fit plots of each cytokine change as a function of
Pr(Decr). Under the null hypothesis (bopp, b1,0p)={(bo,p1,
bi,pr), the piecewise linear model is the same for the 2
treatment arms. This null hypothesis corresponds to the ki-
netics of the cytokine, as a function of Pr(Decr), not changing
with the addition of imatinib to docetaxel.

Results

The distributions of the 17 plasma angiogenic and in-
flammatory cytokines at BL. and at C2D1 within each treat-
ment arm are summarized in Table 1. These results indicate a
significant decline in IL6 and significant increases in PIGF
and soluble VEGFR1 in the docetaxel-placebo arm, and a
significant decline in soluble c-kit and increase in IL10 in the
docetaxel-imatinib arm. Table 2 summarizes changes in cy-
tokine values from BL to C2D1, compared between treat-
ment arms using the Wilcoxon rank sum test. These tests
indicate significantly larger declines in PIGF, soluble c-kit,
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TABLE 1. MEANS AND STANDARD DEVIATIONS (IN PARENTHESES) OF CYTOKINE VALUES AT BASELINE
AND AT COURSE 2 DAy 1 oF CHEMOTHERAPY
Docetaxel + placebo Docetaxel + imatinib
Cytokines BL C2D1 BL C2D1 P
TGFB 0.84 (0.22) 0.90 (0.19) 0.009 0.82 (0.22) 0.79 (0.18) 0.586
bFGF —1.67 {0.24) —1.67 (0.24) 0.439 —1.65 (0.22) —1.64 (0.21) 0.881
PIGF —1.30 (0.09) —1.20 (0.12) <0.001? —1.28 (0.09) -1.35 (0.11) 0.002
sVEGFR1 —0.68 (0.08) —0.60 (0.10) <0.0012 —0.65 (0.14) —0.61 (0.26) 0.166
VEGF —0.77 (0.14) -0.73 (0.17) 0.05 —0.80 (0.17) -0.86 (0.16) 0.004
c-kit 0.85 (0.16) 0.86 (0.15) 0.508 0.83 (0.13) 0.70 {0.15) <0.001°
sVEGFR2 1.23 (0.13) 1.24 (0.14) 0317 1.21 (0.15) 1.19 (0.15) 0.021
hMMP9 1.95 (0.22) 1.99 (0.29) 0.354 1.91 (0.25) 1.83 (0.23) 0.074
GM-CSF —0.64 (1.14) —0.68 (1.10) 0.529 —0.47 (0.71) —0.58 (0.80) 0.05
IFNy —0.02 (0.74) —0.20 (0.77) 0.071 0.13 (0.67) 0.09 (0.89) 0.834
IL10 0.39 (0.92) 0.56 (0.79) 0.019 0.64 (0.67) 0.91 (0.75) <0.0017
IL12p70 0.46 (0.72) 0.50 (0.70) 0.184 0.40 (0.52) 0.39 (0.55) 0.167
IL1B —0.77 (0.75) —0.84 (0.73) 0.253 —0.49 (0.64) —0.58 (0.72) 0.265
L2 —0.15 (0.55) -0.27 (0.59) 0.013 0.02 (50) —0.03 (0.57) 0.677
L6 0.43 (0.45) 0.06 (0.59) <0.0012 0.57 (0.52) 0.30 (0.54) 0.002
1.8 0.76 (0.20) 0.72 (0.24) 0.068 0.76 (0.18) 0.81 (0.27) 0.178
TNFa 0.90 (0.18) 0.84 (0.19) 0.012 0.97 (0.37) 0.97 (0.32) 0.752

Comparisons of C2D1-versus-BL for each cytokine within each treatment arm were done using the Wilcoxon rank sum test. Using testwise
P value 0.05 and a Bonferroni adjustment for multiple testing, with 34 tests, a P value <0.00147 implies significant change for that cytokine in

that treatment arm.
®Significant P values.

bFGF, basic fibroblast growth factor; BL, baseline; C2D1, cycle 2 day 1; GM-CSF, granulocyte macrophage-colony stimulating factor;
hMMP9, human matrix metalloproteinase; IFNy, interferon gamma; IL, interleukin; PIGF, placental growth factor; sVEGFR, soluble vascular
endothelial growth factor receptor-2; TGFp, transforming growth factor beta; TNFe, tumor necrosis factor alpha.

VEGF, and sVEGFRI1 in the docetaxel-imatinib arm com-
pared to the docetaxel-placebo arm, on average. The larg-
est individual quantitative difference in cytokines between
the arms was the decline in soluble c-kit in the docetaxel-
imatinib arm.

TABLE 2. MEANS AND STANDARD DEVIATIONS (IN
PARENTHESES) OF CHANGE FROM BASELINE TO COURSE 2
Day 1 or CHEMOTHERAPY FOR EACH CYTOKINE VARIABLE,
WitHiN EAcH TREATMENT ARM, COMPARED
BeTwEEN ArRMS UsIiNG THE WiLcoxoN RaNK SuMm TEsT

Cytokines Docetaxel 4 placebo Docetaxel + imatinib P

TGFB 0.07 (0.23) ~0.03 (0.22) 0.020
bEGF 0.01 (0.28) 0.03 (0.28) 0.847
PIGF 0.12 (0.14) ~0.08 (0.14)  <0.0001
SVEGFR1 0.07 (0.12) 0.04 (0.24) 0.001°
VEGF 0.04 (0.13) —0.06 (0.14)  <0.0001
kit <0.01 (0.08) —0.14(0.12)  <0.0001°
SVEGFR2 0.01 (0.07) —0.03 (0.08) 0.017
hMMP9 0.04 (0.25) —0.08 (0.26) 0.049
GM-CSF  —0.04 (0.99) ~0.08 (0.99) 0.509
IFNy —0.20 (0.94) 0.11 (1.24) 0.099
IL10 0.19 (0.51) 0.32 (0.52) 0.137
IL12p70 0.04 (0.22) —0.01 (0.70) 0.075
IL1B ~0.09 (0.94) —0.06 (1.07) 0.913
IL2 —0.14 (0.66) 0.01 (0.50) 0.095
IL6 ~0.39 (0.49) —0.27 (0.48) 0.278
IL8 —0.05 (0.20) 0.09 (0.46) 0.053
TNFo ~0.06 (0.18) 0.02 (0.23) 0.042

Using testwise P value 0.05 and a Bonferroni adjustment for
multiple testing, with 17 tests, a P value <0.00294 implies significant
change for that cytokine in that treatment arm.

*Significant P values.

The fitted piecewise linear regression models are summa-
rized in Table 3. For each cytokine, the test of (bo,pp, b1,pp)
(bo,or, b1,p1) between the 2 treatment groups was performed
using an F statistic with (2, 84) degrees of freedom. The results
indicate that, among the 17 cytokines, the kinetics of 2 specific
angiogenic cytokines, PIGF and soluble c-kit, differed signif-
icantly between the 2 treatment arms in terms of relationship
to in vivo p-PDGFR dynamics, as summarized by Pr(Decr).
These 2 cytokines were previously identified as among the 4
cytokines decreasing in the docetaxel-imatinib arm compared
to the docetaxel-placebo arm (Table 2).

A total of 17 Bayesian log-normal regression models for
PFS were fit, one for each cytokine. Because it would be far
too cumbersome to tabulate all 17 fitted models, we present
only the estimated effects of the C2D1-versus-BL cytokine
changes, within each treatment arm, on PFS time. These are
the parameters denoted above by Bg and By in the model
linear component. Because parameters are random quantities
under a Bayesian model, each parameter has a posterior
distribution under the fitted model. For each combination of
cytokine and treatment arm, Fig. 1 summarizes the posterior
distribution of the parameter in terms of a 95% credible in-
terval. This interval is represented by a vertical line running
from the 2.5th percentile up to the 97.5th percentile of the
effect’s posterior distribution, with the posterior mean re-
presented by an open circle for the DI arm and by a filled
circle for the DP arm. Thus, each vertical line summarizes
the middle 95% of the effect’s posterior distribution. Under
the Bayesian model, a line having lower limit near or above
the horizontal line at 0 corresponds to a significant increase
in PFS as a function of the C2D1-versus-BL cytokine change.
For example, a line for Bg having lower limit 0 would
correspond to posterior probability Pr(Bs >0!data)=0.975.
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TABLE 3. SumMmaRries OF 17 FITTED REGRESs1ON MopELs, ONE FOR EAcH CYTOKINE
Docetaxel + placebo Docetaxel + imatinib Test for homogeneity
between treatment groups

Cytokine Parameter Estimate SE Estimate SE P value

TGFB 0.013
Intercept 0.024 0.034 —-0.061 0.041
Slope 1.825 0.661 0.555 0.379

bFGF 0.431
Intercept —0.038 0.044 -0.008 0.053
Slope 1.826 0.858 0.504 0.492

PIGF <0.001°
Intercept 0.131 0.023 —0.084 0.027
Slope —0.336 0.442 0.037 0.253

sVEGFR1 0.772
Intercept 0.070 0.030 0.052 0.036
Slope 0.036 0.585 —-0.228 0.335

VEGF 0.004
Intercept 0.032 0.022 —-0.067 0.026
Slope 0.321 0421 0.114 0.241

c-kit <0.001*
Intercept 0.005 0.017 —-0.139 0.020
Slope —-0.046 0.321 —0.005 0.184

sVEGFR2 0.157
Intercept 0.01 0.012 —0.018 0.015
Slope -0.01 0.235 —0.16 0.135

hMMP9 0.111
Intercept 0.041 0.041 —0.095 0.05
Slope -0.097 0.797 0.255 0.457

GM-CSF 0.122
Intercept —-0.160 0.159 0.073 0.190
Slope 5.201 3.057 —2.396 1.752

IFNy 0.630
Intercept —-0.265 0.178 0.010 0.212
Slope 2.894 3.422 1.531 1.962

IL10 0.246
Intercept 0.245 0.083 0.358 0.100
Slope —2.28 1.606 —-0.552 0.921

1L12p70 0.474
Intercept 0.031 0.081 0.111 0.097
Slope 0.505 1.558 -1.782 0.893

IL1B 0.922
Intercept —0.112 0.164 —0.034 0.195
Slope 0.986 3.148 —0.463 1.805

IL2 0.475
Intercept -0.117 0.097 0.020 0.116
Slope ~0.865 1.865 -0.097 1.069

IL6 0.169
Intercept —0.447 0.078 -0.236 0.093
Slope 2.393 1.499 —0.464 0.860

IL8 0.156
Intercept —0.062 0.056 0.114 0.067
Slope 0.638 1.077 —0.36 0.618

TNFa 0.129
Intercept —0.071 0.033 0.037 0.040
Slope 0.348 0.632 -0.227 0.362

In each model, the change in cytokine value from BL to C2D1 is a piecewise linear function of the estimated Pr(Decr) for p-PDGFR, with
different parameters for the 2 treatment groups, where Pr(Decr) is the estimated probability that p-PDGER decreased from BL to C2D1. For
each fitted model, the test for identical intercept and slope parameters in the treatment groups, “homogeneity,” is based on an F-statistic with
(2, 84) degrees of freedom. Using testwise P value 0.05 and a Bonferroni adjustment for multiple testing, with 17 tests, a P value <0.00294
implies significant heterogeneity between treatment groups, implying different p-PDGFR dynamics with versus without imatinib for that

cytokine.

Significant P values.
PDGER, platelet-derived growth factor and its receptor; SE, standard error.
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This would say that, given the observed data, the posterior
probability that the effect of the cytokine’s change on PFS is
positive equals 0.975, a nominally significant effect. A verti-
cal line with mean at 0 would correspond approximately to
posterior probability Pr(Bg > 0!data)=0.50, interpreted as
the cytokine change having no effect on PFS. Figure 1 shows
that, in the DP arm, human MMP9 (hMMP9) had a signifi-
cant effect, whereas nearly significant effects on PFS were
seen for soluble VEGFR1 and IL-10. In the DI arm, a nearly
significant effect on PFS was seen for IL-12p70.

Discussion

In this study, the kinetics of 17 angiogenic and inflam-
matory cytokines in men with metastatic castration-resistant
prostate cancer receiving docetaxel with or without the
c-kit/abl/PDGEFR inhibitor imatinib mesylate were examined.
Post-treatment cytokines are significantly modified compared
to BL in both treatment arms (Table 1), and several differences
vary significantly between both treatment arms (Table 2). Our
prior observations had indicated that the status of p-PDGFR
- activation in peripheral blood leucocytes after docetaxel che-
motherapy for castration-resistant prostate cancer associated
with PFS and OS (Mathew and others 2008). We then studied
the differences in cytokine kinetics between the 2 treatment
arms when specifically partitioned by post-treatment in vivo
p-PDGFR dynamics in peripheral blood leucocytes (Table 3).
We find that among these 17 cytokines, PIGF and soluble c-kit
dynamics specifically comprise the cytokine signature of
imatinib effect after docetaxel chemotherapy.

Decline in soluble c-kit after imatinib therapy has been
previously reported in gastrointestinal stromal tumors and
has been proposed as a predictive factor for favorable out-
come in that disease state (Bono and others 2004, DePrimo
and others 2009). In this study, soluble c-kit decline in the
imatinib-containing arm was the largest quantitative cyto-
kine difference between the 2 arms. Along with PIGF
kinetics, soluble c-kit post-treatment differences retained
strong statistical significance when partitioned by p-PDGFR

by an open circle for the docetaxel+
imatinib arm and a filled circle for the
docetaxel-+placebo arm.

L2
IL6
IL8
IL10
IL12p70

dynamics in peripheral blood leucocytes. These observations
may be concordant with the mechanism of action of imatinib
as a PDGFR and c-kit inhibitor.

Surprisingly however, in the imatinib arm, increases in
soluble c-kit rather than decreases trended toward a favor-
able PFS profile (Fig. 1) and similarly larger post-treatment
values of PIGF and VEGF after docetaxel-alone therapy
trended toward an improved PFS. Together, these trends
suggest that the cytokine profiles associated with imatinib
(c-kit, PIGF, and, to a lesser extent, VEGF declines) compare
unfavorably when compared to those generated by docetaxel
alone. These findings are also compatible with our previous
observations that decreased activation of p-PDGFR in pe-
ripheral blood leucocytes after imatinib exposure associated
with shorter PFS times (Mathew and others 2008). With the
exception of hMMP9 kinetics after docetaxel therapy alone,
multivariate analysis of individual cytokine profiles did not
yield an independent predictor of outcome. It is conceivable
that, with larger numbers of patients, a composite picture of
a favorable cytokine signature potentially linked to an in vivo
mechanism of action of docetaxel may emerge through such
cytokine profiling studies.

Declines in the angiogenic cytokines, PIGF, and VEGF
after imatinib therapy have not been reported previously.
The altered dynamics of these cytokines together with those
previously reported with PDGF (Mathew and others 2008)
comprise a candidate cytokine signature of imatinib effect in
prostate cancer and bone metastases after docetaxel chemo-
therapy. Formal mechanistic studies will be required to
identify the putative link between the regulation of plasma
PIGF and VEGF levels and imatinib therapy. It is conceivable
that kinetics of these markers may have predictive value in
other disease states, hematological and solid neoplasia, in
which imatinib has been established as standard therapy, as
these circulating cytokines may not be tumor specific.

Before this report, there have been few studies that dem-
onstrate the profile of changes and/or the predictive value
of inflammatory and angiogenic cytokine dynamics after
docetaxel therapy in prostate cancer. The wide range of
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nonhematological toxicities observed with docetaxel, such as
peripheral edema or pleural effusions that reflect vascular
effects, or fatigue and pneumonitis that reflect proin-
flammatory effects, are likely to be reflected in plasma cy-
tokine dynamics after treatment. In 2 prior studies, declines
in plasma IL6 associated with PSA-declines after docetaxel
were reported; however, associations with PFS or OS were
not assessed (Domingo-Domenech and others 2006; Igna-
toski and others 2009). Our observations do not support a
significant association of IL6 decline after docetaxel with PFS
(Fig. 1). While significant increases in PIGF and sVEGFR1
and significant decreases in IL6 were observed after doc-
etaxel therapy (Table 1), only an increase in hMMP9 associ-
ated with improved PFS (Fig. 1). Elevated hMMP9
expression in prostate cancer has been associated with im-
proved disease-free and OS after prostatectomy for localized
prostate cancer (Boxler and others 2010), but a link of plasma
MMP9 dynamics with docetaxel efficacy has not been de-
scribed to our knowledge. These findings suggest the po-
tential predictive value of a cytokine dynamic signature after
chemotherapy for prostate cancer, for which larger pro-
spective studies will be required for validation.
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Application of the continual reassessment
1ethod to a phase I dose-finding trial
in Japanese patients: East meets West

Satoshi Morita* |

After cancer-related phase I dose-finding trials are completed in Western countries, further phase I trials
are often conducted to determine recommended doses (RDS) for Japanese patients. This may be due to
concerns about possible differences in treatment tolerability between Caucasians and Japanese. In most of
these, a conventional ‘343’ cohort study design is used in making dose escalation decisions, possibly due
to its relatively easy implementation. Since its proposal by O’Quigley ef al. (1990; Biometrics, 46:33-48),
the continual reassessment method (CRM) has been used increasingly in cancer-related phase I dose-finding
studies as an alternative to ‘343’ designs. One of the principal advantages of applying a Bayesian CRM
may be the utilization of all available prior information to estimate RDS through prior distributions that
are assumed for model parameters representing the dose-toxicity relationship. In this paper, we present an
application of the Bayesian CRM to a phase I dose-finding study in Japanese patients with advanced breast
cancer using an informative prior elicited from clinical investigators. In some settings, it may be appropriate
to use an informative prior that reflects the accurate and comprehensive previous knowledge of clinical
investigators. On the other hand, for a model-based Bayesian outcome-adaptive clinical trial, it is necessary
to establish sufficiently vague priors so that accumulating data dominate decisions as the amount of observed
data increases. Thus, we retrospectively investigated the relative strength of the prior using a recently proposed
method to compute a prior effective sample size. Copyright © 2011 John Wiley & Sons, Ltd.

Keywords: continual reassessment method; dose-finding; phase I trial; prior distribution; prior effective
sample size

1. Imtroduction

After cancer-related phase I dose-finding trials are completed in Western countries, Japanese investi-
gators often conduct trials using the same regimens in Japan to find the optimal doses for Japanese
patients. This may be because of concerns about possible differences in treatment tolerability between
Caucasians and Japanese. In many cases, recommended doses (RDs) of treatments have been set at
higher levels in Caucasians than in Japanese. For example, a phase I study of Taxotere (docetaxel)
monotherapy was undertaken in Caucasians to test dose levels from 5 to 115mg/m2 [1]. This study
identified 100mg/m? as the RD. A subsequent phase I study in Japan tested dose levels from 20 to
90mg/m?, and determined that 60mg/m? was the RD for Japanese patients [2].

Japanese clinical investigators develop phase I trial study designs using observed toxicity data and
RD levels identified in Western trials as pre-study information. For example, they test a smaller number
of dose levels than the original study at doses that account for the RDs in Caucasian patients. In most
of these Japanese phase I trials, a conventional 343" cohort design is used for making dose escalation
decisions, possibly due to its relatively easy implementation and statistical simplicity and the fact that
clinical investigators are in general quite familiar with it.

Since its proposal by O’Quigley er al. [3], the continual reassessment method (CRM) has been
increasingly used in phase I dose-finding studies in cancer patients as an alternative to the 3+3’
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design. The CRM, based on a Bayesian parameiric model that includes a logistic and a power model
[3,4] is characterized by one or more model parameters representing the dose—toxicity relationship.
Although two-parameter models are flexible, they generally require a larger number of patienis to
estimate two model parameters, e.g. intercept and slope. One-parameter models that analyze one aspect
of the dose—toxicity curve (in many cases, the slope) may not be flexible enough to accurately estimate
the entire dose~toxicity curve. However, because a one-parameter model in the CRM has proven to be
robust in determining a RD [3], it may be reasonable to use a one-parameter model for dose-finding in
a cancer phase I wrial.

The prior distributions assumed for model parameters are derived from pre-study information and
are updated based on accumulated toxicity data observed in consecutive patient cohorts. The prior
distribution of the model parameter should reasonably represent clinical investigators’ uncertainty about
the dose—toxicity relationship before starting the study, sometimes based on historical data from previous
clinical studies. A Bayesian approach that formally uses historical/external data to establish such a
prior distribution has not yet been fully developed. However, the integration of any available prior
information into the estimation of RD levels for Japanese patients may be one of the major advantages
of applying Bayesian CRM.

In some settings, it may be appropriate to use an informative prior that reflects the accurate and
comprehensive knowledge that clinical investigators already possess. On the other hand, in other cases
one may need o avoid excessively informative priors that may unduly influence posterior inferences.
In particular, for clinical trials with a model-based Bayesian outcome-adaptive design, it is necessary
to establish sufficiently vague priors so that accumulating data dominate decisions as the amount of
observed data increases. After completing a Japanese phase I trial, we were concerned about the strength
of the established prior distribution relative to the observed data in the trial in which 16 patients were
enrolled in total. Thus, we retrospectively investigated the relative strength of the prior using a recently
proposed method to compute a prior effective sample size (ESS) [5]. In this paper, we present an
application of the CRM to a phase I dose-finding study in Japanese patients with advanced breast
cancer using an informative prior elicited from Japanese clinical investigators.

Section 2 provides a motivating example. In Section 3, we describe the application of the CRM to
a Japanese phase I study. We discuss establishment of a prior assumed for a dose—toxicity relationship
in Section 4. We close with a discussion in Section 5.

2. A motivating example

Although chemotherapy regimens utilizing infusional 5-FU, e.g. the CEF-infu regimen (cyclophos-
phamide, epirubicin, and infusional 5-FU) [6], have been shown to have high antitumor activity, such
regimens require central venous access and pumps. To avoid these inconveniences, a research team
from the European Organization for Research and Treatment of Cancer (EORTC) conducted a phase I
dose-finding study to develop a new combination regimen substituting the infusional 5-FU in CEF-infu
with capecitabine [7]. Capecitabine (Xeloda®) is a novel oral 5-FU prodrug with high single-agent
antitumor activity in metastatic breast cancer [8, 9], and also represents an attractive combination partner
for the other CEF-infu chemotherapeutic agents [10-12]. The primary objective of the EORTC study
was to determine the RD of capecitabine in combination with epirubicin and cyclophosphamide (CEX)
in patients with advanced breast cancer. In the EORTC CEX study, four dose levels were planned for
capecitabine in combination with fixed doses of epirubicin and CEX (100 and 600mg/m?, day 1, every
3 weeks), as summarized in Table I. Capecitabine was escalated from 750 to 1250mg/m? twice daily
for three weeks in four dose levels, A conventional ‘343’ cohort design was used when making dose
escalation decisions. That is, escalation to the next dose level was permitted if zero out of three (0/3)
or one out of six (1/6) patients experienced dose-limiting toxicity (DLT). DLT is usually defined as the
occurrence of grade 4 hematologic toxicity and grade 3 or 4 non-hematologic toxicity. If more than one
patient developed a DLT, the maximum toxic dose (MTD) was reached, and the previous dose level
was defined as the RD for phase II studies. In this study, 11 patients received CEX at four dose levels.
While defining the MTD, three, three, three, and two patients were entered at dose levels 1, 2, 3, and
4, respectively, as shown in Table 1. No DLTs occurred at dose levels 1, 2, and 3. At dose level 4, two
out of two patients experienced DLTs. In addition, a high rate of capecitabine treamment modification
(interruption and/or reduction) was required at dose level 3. Thus, the EORTC CEX study concluded
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Table 1. Dose levels of epirubicin and capecitabine studied in the Japanese and EORTC CEX studies
and incidence of dose-limiting toxicities (DLis) observed in the BORTC CEX study: The dose level of
¢yclophosphamide was fixed at 600mg/m? on day 1 in both studies.
Epirubicin Capecitabine Incidence of
Dose level (mg/m?, day 1 g21d) (mg/m? twice daily, days 1-14 q21d) DLTs*
Japanese CEX 4 100 900 —
3 90 900 2
2 90 829 g
1 75 829 i
0 75 628 g
EORTC CEX 4 100 1250 %
3 1050 §
2 900 g
1 750 g

*The number of patients experiencing any DLT/the number of evaluable patients.

that the recommended CEX regimen be limited to dose level 2 and consist of capecitabine 900mg/m>
twice daily, epirubicin 100mg/m?2, and CEX 600mg/m?.

Although the EORTC study identified a recommended CEX regimen in this way, concern was raised
over possible differences in CEX tolerability between Caucasians and Japanese [6, 13]. To answer this
question, we conducted a phase I dose-finding trial using the CRM to determine the RDs of the CEX
combination in Japanese patients with advanced breast cancer [ 14, 15]. Based on data from the EORTC
CEX study and assuming that the RD of CEX in Japanese patients should not be higher than that in
Caucasians, five dose levels (0—4) were planned in the Japanese CEX study, as summarized in Table 1.
Treatment consisted of a fixed dose of CEX (600 mg/ m?on day 1) in combination with three doses of epiru-
bicin and three doses of capecitabine. Dose level 4, the highest in our study, corresponded to the CEX RD
as determined in the EORTC CEX analysis. The European and Japanese CEX studies employed the same
DLT definitions.

3. The CRM in the Japanese cex trial

3.1. Study design using the CRM

3.1.1. Dose—toxicity model. In the CRM we used numerical dose levels X ; for j=0, ..., 4, to reduce
the dimension of the dose levels for the CEX treatment consisting of the three anti-cancer agents. The
numerical values of X; were specified using ‘backward fitting’ [16] as described below, instead of the
actual dose levels for the CEX ireatment in Table 1. This dimension reduction allows a dose—toxicity
model to suitably fit the pre-study estimates of the proportion of patients who would experience a DLT
at the dose levels. The outcome variable is the indicator ¥; =1 if a patient i suffers a DLT, 0 if not. A
one-parameter logistic regression model,

exp(Bo+ b1 X;)
(X, Py=Pr(Y;=1|X;, p)= 1
Xi, By=Pr(Y;=1X;, p) Texpfot X0 1)
with the intercept bo fixed at 3 and a slope parameter b;, is assumed. The likelihood for # patients is
n
FYValXn, B= [T n(Xs, Y1 —m(Xs, pY 0 @)

i=1
3.1.2. Setting up the CRM. Before starting the study, we conducted a preliminary study among partic-

ipating clinical oncologists to obtain necessary reference information for implementing the CRM. We
set up the CRM design using the following five steps:

(i) In step 1, we identified the target DLT probability as 0.33 and obtained the prior estimates of
the proportion of patients who would experience a DLT at each dose level from 0 to 4 as 0.05,
0.10, 0.25, 0.40, and 0.60, respectively.
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(ii) In step 2, we predetermined the model’s intercept g at 3, as discussed in Section 3.1.3.

(iii) In step 3, we specified a prior distribution function of the slope b;. Letting Ga(a, b) denote the
gamima distribution with mean a/b and variance ¢/ b2, we assumed Ga(a, b) for by in order to
constrain the slope b1 to be positive and for computational convenience. This consiraint implies
an assumption that a higher dose level increases the probability of DLT.

(iv) In step 4, we specified numerical values of X; for j =0, ...,4 using backward fitting as follows.
We added a constraint E(b;)=1 that corresponds (o an equation ¢ =» in the gamma prior distri-
bution to make the a priori dose—toxicity curve exactly reflect the prior estimate of DLT occur-
rence probabilities regardless of the degree of clinical uncertainty [17]. Under the dose—toxicity
model with the slope b1 fixed at 1, we computed each X; to match Pr(Y =1]X;, f=3, 5, =1)
with the prior probability estimate of DLT occurrence at dose level j for j=0,...,4. Asa
result, {Xo, X1, X9, X3, X4} ={—5.94, -5.20, —4.10, —3.41, —2.60}.

(v) In step 5, we specified the hyperparameters of the prior p(b1la, b) as ¢ =b=>5. Details of this
step are described in Section 4.

3.1.3. Specification of the intercept bp. Under a=>b=>5 and by=3, the prior dose-toxicity curve with
a 90 per cent credible interval is given in Figure 1(a). This prior dose-toxicity curve may reflect the
oncologist’s greater confidence in higher rather than lower dose levels. That is, taking into account
that dose level 4 in the Japanese CEX study corresponds to the RD identified in the EORTC CEX
study, bg=3 may be a reasonable choice. In confrast, if we use a negative value for the intercept, i.e.
bo=—5, {Xg, X1, X5, X3, X4} is computed as {2.06, 2.80, 3.90, 4.59, 541} using backward fitting.
In this setting, the prior dose—toxicity curve represents greater uncertainty in higher rather than lower
dose levels (Figure 1(b)) and therefore should be considered that the specification bp=—5 coniradicts

the pre-study information.

3.1.4. Dose escalation/de-escalation rule. Our study plan involved treating up to 22 patients. The
starting dose was level 1, which was given to the first enrolled patient. The CRM then ran sequentially
with three patients per cohort. Each cohort was treated at the dose level X ; with an estimated probability
of DLT n{X;, E(B,|data)} closest to 0.33 and not exceeding 0.40. If the computed probability of
the suggested dose level was greater than 0.40, the cohort was treated at the preceding dose level.
Untried doses were not skipped when escalating dose level. The irial was stopped if level 0 was
considered oo toxic to be administered, e.g. 7{Xo, E(f;|data)}>0.40. The posterior distribution of the
slope parameter b1 and each posterior estimate n{X;, E(f,|data)} along with its 90 per cent credible

1.0
0.9
.8
0.7
0.54
0.5
0.4
0.3
0.2
6.14
0.0 = - - SuciE. .
-7 -5 =5 -4 -3 -2 -1

@ | Tt ®
Dose level 0 1 2 3 4 Dose level

Epirubicin 75 75 90 90 100 (mg/m®) Epirubicin 75 75 90 90 100 (mg/n?)
Capecitabine 628 829 829 900 900 (mg/mztwice daily) Capecitabine 628 820 829 900 900 (mg/mztwice daily)

DLT probability
DLT prob ability

1 2 3 4

Figure 1. (a) Prior dose—toxicity curve (solid line) and its 90 per cent credible intervals (dashed lines) with the

intercept b =3 under the gamma prior distribution, Ga (5,5). The horizontal axis X denotes the dose levels.

The five values of {X1, X2, X3, X4, X5} ={-5.94, —5.20, —4.10, —3.41, —2.60} used in the CRM computation

are indicated by arrows. The actual dose levels of epirubicin and capecitabine are also shown. The horizontal

straight line indicates the target DLT level (0.33) and (b) Prior dose~toxicity curve and its 90 per cent credible
intervals with the intercept bg=—3.
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Table 11 Incidence of dose-limiting toxicities (DLTs).
Cohort 1 Cohort 2 Cohort 3 Cohort 4 Cohort 5 Cohort 6
No. of evaluable patients 1 3 3 3 3 3
Doselevel® 1 0 1 2 3 3
Epirubicin (mg/mz, day 1 q21d) 75 75 75 90 90 90
Capecitabine (mg/m2 twice daily, days 1-14 q21d) 829 628 829 829 900 900
No. of patients experiencing any DLT 1 0 0 0 1 1
Grade 3 HFSt 1 — — — — —
Grade 3 anorexia — — — — 1 -
Grade 3 mucositis —_ — — — — 1

*The dose level of CEX was fixed at 6OOmg/m2 on day 1 every 3 weeks.
THFS, hand-foot syndrome.

1.0
0.9°
0.8
0.7
0.5
0.5
0.4
0.3
0.2
01y
0.0

DLT prob ability

Dose level
Epirubicin 75 75 90 90 100 (mg/m?)
Capecitabine 628 829 829 900 900 (mg/m2iwice daily)

Figure 2. The posterior mean dose-toxicity curve (solid line) and its 90 per
cent credible intervals (dashed lines) after updating with the toxicity data from
all 16 patients.

interval were compuied using numerical integration. An Independent Data and Safety Monitoring
Committee (IDSMC) reviewed the interim analyses and was assigned the responsibility of making any
recommendations to stop the trial on both clinical and statistical perspectives.

3.2. Implementation of the CRM

Because the results of the Japanese CEX trial were reported in detail in Saji ef al. [14] and Morita ef al.
[15], we report here in brief. DLTs observed at each dose level and the dose escalation/de-escalation
history throughout the study are shown in Tables I and II, respectively. The first patient treated at level
1 experienced a DLT (grade 3 hand-foot syndrome). The dose level was then de-escalated to level
0 for the second cohort. No DLTs were identified in the second, third (level 1), and fourth (level 2)
cohorts. One of three patients in cohort 5 treated at level 3 experienced DLT (grade 3 anorexia). In
the next cohort treated at level 3, one patient experienced DLT (grade 3 mucositis). Figure 2 shows
the updated dose—toxicity curve including toxicity data from these 16 patients. The estimated DLT
occurrence probability at level 3 was 0.354 (90 per cent credible interval: 0.174-0.560). With respect
to efficacy data, one complete response and three partial responses were observed in six patients at
level 3. Taking these CRM computations and the encouraging efficacy data into account, the DSMC
recommended that the study be stopped. Therefore, we terminated the study and recommended that
dose level 3 be further evaluated in a phase II wial.
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