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introduction

Juvenile idiopathic arthritis (JIA) is one of the most
common forms of paediatric chronic arthritis, with an inci-
dence of approximately 9.7 per 100 000 children (aged 15
years and under) in Japan [1, 2]. Methotrexate (MTX) is the
most common disease-modifying antirheumatic drug
used for the treatment of articular-type JIA, namely the
polyarticular- and oligoarticular-onset types of JIA [2].
Methotrexate is effective in about 75% of cases of the
articular-type JIA, but causes adverse effects, such as liver
and/or renal dysfunction [2, 3]. The effects of polymor-
phisms within the MTX pathway genes on the toxicity and
efficacy of MTX in patients with rheumatoid arthritis (RA)
and JIA have been studied [4~6].

The influence of polymorphisms within the MTX
pathway genes encoding solute carrier family 19 member
1 (SLC19A1), also known as reduced folate carrier (RFC),
5,10-methylenetetrahydrofolate reductase (MTHFR), foly-
polyglutamate synthetase (FPGS), y-glutamyl hydrolase
(GGH), 5-aminomidazole-4-carboxamide ribonucleotide
transformylase (ATIC) and breast cancer resistance protein
(BCRP/ABCG2) on the toxicity and efficacy of MTX in
patients with RA, JIA and other diseases has been studied
[4-9]. However, results regarding the influence of these
polymorphisms on the toxicity and efficacy of MTX are
conflicting, and there are marked differences in pharmaco-
genetics between racial groups [10]. Therefore, we investi-
gated whether polymorphisms within the MTX pathway
genes were related to the toxicity and efficacy of MTX in 92
patients with articular-type JIA in Japan.

Patients and methods

Study population

Patients were eligible if they met the International League
of Association for Rheumatology classification criteria for
articular-type JIA [11]. A total of 92 children (74 girls and 18
boys; 12 with seronegative polyarticular onset, 46 with
seropositive polyarticular onset and 34 with oligoarticular
onset) in this study were treated at the Yokohama City
University Hospital between December 2007 and Decem-
ber 2009.

All 92 patients had been treated with MTX for at least 3
months without biologics. Initially, MTX was administered
orally at a dosage of 4-5mgm™ per week. Then the
dosage was adjusted depending on tolerability and
response (maximal dosage, 10 mg m= week™) [2]. Pred-
nisolone was used concomitantly with MTX in 89 patients
(96.7%). Folic acid supplementation was performed in nine
patients (9.9%). Clinical data were collected from a
patient’s medical record without any knowledge of the
individual’s polymorphisms.

The study was performed in accordance with the Dec-
laration of Helsinki, and approval for it was obtained from
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the Yokohama City University School of Medicine Ethics
Committee. Each patient or his/her guardians gave written
informed consent to participate in this study.

Definitions of toxicity and efficacy

For the evaluation of toxicity, liver dysfunction was defined
as anincrease in serum alanine transaminase (ALT) level to
five times the normal upper limit before the addition of
biologics.

Responders to MTX were defined as follows: (i)
patients in whom the medication was terminated
because they had remission of symptoms; (ii) patients
who continued the treatment with stable doses of MTX;
and (iii) patients who continued MTX treatment with the
concomitant use of acceptable doses of prednisolone,
without the addition of biologics, such as anti-tumour
necrosis factor therapy [12] and anti-interleukin-6 recep-
tor antibody therapy [13, 14].

Non-responders to MTX were defined as patients who
were refractory to MTX and thus treated with biologics.
Treatment with biologics was conducted according to the
following criteria: (i) patients with a history of treatment
with nonsteroidal anti-inflammatory drugs and MTX; and
(ii) patients who had the active disease for at least 3
months after MTX treatment (up to 10 mg m™? week™).
Active disease was characterized by five or more swollen
joints and three or more joints with limited range of move-
ment accompanied by pain and/or tenderness, or the use
of high doses of corticosteroids (>0.25 mg kg™ daily), with
accompanying unacceptable side-effects [12, 13].

Clinicaf predictors

Clinical predictors that may influence a patient’s disease
state and the toxicity and efficacy of MTX were selected on
the basis of previous reports [5, 6, 15, 16]. The following
factors were included: sex; age at disease onset; duration of
MTX treatment; time interval from disease onset to MTX
treatment; rheumatoid factor (RF) status; anti-cyclic citrul-
linated peptide (anti-CCP) status; and concomitant use of
prednisolone and folic acid.

Genetic predictors
Genomic DNA was isolated from peripheral blood using
the QlAamp DNA Mini kit (Qiagen KK, Tokyo, Japan).

The following eight single nucleotide polymorphisms
(SNPs) within the MTX pathway genes encoding RFC,
MTHFR, FPGS, GGH, ATIC and BCRP were selected accord-
ing to previous reports [4-9]. Genotyping for the SNPs of
RFC G80A (rs1051266), MTHFR A1298C (rs1801131), MTHFR
C677T (rs1801133), FPGS A1994G (rs10106), GGH C452T
(rs11545078), GGH T16C (rs1800909), ATIC (347G
(rs2372536) and BCRP C421A (rs2231142) was performed
using the TagMan assay (Applied Biosystems, Foster City,
CA, USA). TagMan SNP Genotyping Assays were used for
MTHFR A1298C and MTHFR C677T, and Custom TagMan
SNP Genotyping Assays were used for RFC G80A, FPGS
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A1994G, GGH C452T, GGH T16C, ATIC C347G and BCRP
C421A [9] (see Supplementary data 1). These SNPs were
analysed in real-time PCRs by the AB7500 Real Time PCR
system (Applied Biosystems), in the conditions recom-
mended by the manufacturer. Allele discrimination was
performed using SDS software version 1.4 (Applied Biosys-
tems).

Statistical analysis

For continuous predictors, such as age and duration of
MTX treatment, Student’s unpaired t-test was used to
assess the association between clinical predictors and the
toxicity and efficacy. For categorical predictors, such as
genetic predictors and sex, a % test and Fisher’s exact test
were used to assess the association between predictors
and the toxicity and efficacy. Possible confounding effects
among the predictors were adjusted using a multiple
logistic regression model.

Haplotype phases and haplotype frequencies were
estimated using the Expectation-Maximization algorithm
(minimum haplotype frequency >0.05). All statistical analy-
ses were carried out using the SAS system version 9 (SAS
Institute Inc,, Cary, NC, USA).

Results

Distribution of the polymorphisms within the
MTX pathway genes

The genotype frequencies for the eight SNPs under study
were in Hardy-Weinberg equilibrium (P > 0.05). Each result
was consistent with the findings of a previous report (see
Supplementary data 2) [17].

The toxicity of MTX

Of 92 patients, 10 developed liver dysfunction. Methotrex-
ate treatment of longer duration was a risk factor for liver
dysfunction (104.3 months with liver dysfunction, 53.6
months without, P = 0.005). No other clinical variables were
associated with liver dysfunction (Table 1). None of the
patients with folic acid supplementation had liver dysfunc-

Table 1

Association between clinical predictors and liver dysfunction

Age at onset (years, mean) 9.5

Sex (male) 20.0%
Time interval from onset to treatment {months, mean) 17.7
Prednisolone 390.0%
Folic acid 0.0%
Duration of MTX treatment (months, mean) 104.3
MTX efficacy 30.0%

. AIT>50tmesnomal(n=10)

tion. However, this correlation of folic acid supplementa-
tion preventing liver dysfunction was not statistically
significant, presumably because of the small study
population.

Regarding the association between liver dysfunction
and genetic predictors, the TT genotype at GGH T16C was
a low risk factor for liver dysfunction [P=0.031, odds ratio
(OR) =0.20, 95% confidence interval (Cl) 0.03-0.98; Table 2
and Supplementary data 3]. In contrast, the non-TT geno-
type at GGH T16C was a high risk factor for liver dysfunc-
tion (P=0.031, OR=5.10, 95% Cl 1.02-25.6), which is of
significant clinical interest. This association was statistically
significant even after adjustment for duration of MTX
treatment (P =0.028, OR =6.90, 95% Cl 1.38-34.5). None of
the other SNPs was associated with liver dysfunction.

The MTHFR haplotypes and GGH haplotypes showed
no significant associatjon with liver dysfunction (data not
shown).

The efficacy of MTX

Of 92 patients, 67 were non-responders to MTX. Delayed
MTX treatment from disease onset (21.3 months with non-
responders vs. 8.5 months with responders, P=0.029) and
RF positivity (P=0.026, OR=2.87,95% Cl 1.11-7.39) were
risk factors for lower efficacy of MTX (Table 3). No other
clinical variables were associated with efficacy.

Regarding the association between the efficacy of MTX
and genetic predictors, there was no gene polymorphism
significantly associated with efficacy (Table 4). The MTHFR
haplotypes and GGH haplotypes showed no significant
association with efficacy (data not shown).

In 64 patients treated with MTX within 1 year of disease
onset, the CC genotype at ATIC C347G tended to be asso-
ciated with lower efficacy. However, this was not statisti-
cally significantly after adjustment for the time interval and
RF (P=0.106,0R=0.38,95% Cl 0.12-1.23) (Table 5).

Discussion

Several studies have shown the influence of polymor-
phisms within the MTX pathway genes on the toxicity and

AT =50 times normal (n=82),

7.4 0,138
19.5% 0.971
17.9 0.987
97.6% 0.204
11.0% 0.270
52.6 0.005
26.8% 0.832

ALT, alanine transaminase.
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Table 2

Association between genetic predictors and liver dysfunction

Allele model* ‘ _ Dominant modelr . Recessive model*

Genotype .

ORt ORt ‘ Pyalue . ORT . Pualle
RFC GSOA 1.51 0.414 0.21 0.121 0.59 0.627
BCRP C421A 1.05 0.930 0.80 0.840 0.99 0.988
MTHFR C677T 1.45 0.451 1.12 0.896 2.28 0.214
MTHFR A1298C 0.89 0.852 1.08 0.539 0.74 0.655
FPGS A1994G 0.54 0.249 483 0.068 0 i 0.600
GGH T16C 0.42 0.118 0.83 0.475 0.20 0.031
GGH €452T 0.61 0.506 - ~ 0.61 10502
ATIC C347G 1.40 0.560 0.48 0.814 1.17 0.336

M, major allele; and m, minor allele. Major alleles are the A allele at RFC GBOA, C allele at BRCP C421A, C allele at MTHFR C677T, A allele at MTHFR A1298C, G allele at FPGS
A1994G, T allele at GGH T16C, C allele at GGH C452T and C allele at ATIC C347G. *Allele model: M vs. m; dominant model, (MM or Mm) vs. mm; recessive model, MM vs. (Mm
or mm). tNon-adjusted odds ratio.

Table 3

Association between clinical predictors and methotrexate efficacy

‘ Responder (n=25) ‘ ‘ Non-responder (n = 67)
Age at onset (years, mean) : 7.8 E 0.180
Sex (male) 22.4% 0.264
Time interval from onset to treatment {months, mean) 85 21.3 0029
Prednisolone 96.0% 97.0% 0.807
Folic acid 4.0% 11.9% 0.254
C-reactive protein at start of treatment (mg dI~!, mean) 28 33 0.685
Anti-cyclic citrullinated peptide [>4.5 (U mi-")] 32.0% 55.2% 0.062
Rheumatoid factor [>14 (IU mi~")] 40.0% 65.7% 0.026
Table 4

Association between genetic predictors and methotrexate efficacy

. . Allelemodel | Bominant model* ‘ ‘ ‘  Recessive model .
| Genotype . oRf . . ipyajees . ORE . (ORY ‘ Pivalue
RFC GBOA 1.01 0.979 1.32 0.572 1.61 (.435
BCRP C4A21A 1.28 0.496 0.24 0.151 0.99 0.979
MTHFR C677T 0.75 0.399 ; 0.79 0.708 0.42 0.115
MTHFR A1298C 1.05 0918 0.36 0.282 0.87 0.775
FPGS A1994G 0.95 0.900 137 0.726 1.0t 0.984
GGH T16C 1.01 0.986 283 0.294 1.24 0.654
GGH C452T 1.15 0.805 - - 115 0.805
ATIC C347G 0.65 0.237 1.08 0.931 0.50 0.139

*Allele model: M vs. m.; dominant model, (MM or Mm) vs. mm; recessive model, MM vs. (Mm or mm). TNon-adjusted odds ratio.

efficacy of MTX in patients with RA [4, 8, 9]. However, results First, we found that the non-TT genotype at GGH T16C
are conflicting, and there are marked differences between was associated with a high risk of liver dysfunction. This
racial groups in pharmacogenetic studies [10]. We could should be taken into consideration in treating patients car-
find only two studies on the pharmacogenetics of MTX in rying the non-TT genotype at GGH T16C with MTX in order
patients with JIA in Caucasian patients [5,6], but not one in to prevent liver dysfunction.

an Asian population. This is the first reported study on Once inside the cell, MTX undergoes FPGS-catalysed
pharmacogenetics of MTX in patients with JIA in an Asian polyglutamation by the addition of two to seven
population. glutamic acid groups. The polyglutamated form is not
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Table 5

Association between ATIC 347CC genotype and methotrexate efficacy in
patients with the early phase of juvenile idiopathic arthritis

' ® | ORt  95%Confidenceinterval  Pualue

ATIC 347CC genotype 0.32 0.11-0.93 0.033

“;‘c(b)‘ “ . . R 95% ‘Cg;hf“io‘l‘enc‘e‘i“r‘xtei"\(a!”“‘ _ Pualue
ATIC 347CC genotype 0.38 0.12-1.23 0.106
Rheumatoid factor 0.22 0.07-0.72 0.012

[>14 (U mi™)]
Time interval* 0.85 0.70-1.04 0.12

*Time interval, time interval from disease onset to methotrexate treatment. TNon-
adjusted odds ratio. $Adjusted odds ratio.

readily transported across the cell membrane, and
thus, the intracellular half-life of MTX is increased. This
polyglutamation process is reversed via GGH-catalysed
removal of the glutamic acid groups. Therefore,
the amount of intracellular MTX-polyglutamates
(MTX-PGs) depends on the net rate of polyglutamation
determined by the opposing activities of FPGS and
GGH [8].

It was reported that GGH T16C, which results in a
Cys6Arg substitution, was associated with the efficacy of
MTX in patients with RA. The variant C aliele may cause a
loss of GGH activity, resulting in decreased efflux of MTX
and thus increased intracellular MTX-PG levels [8]. This
result was consistent with ours. Although we did not
address the MTX-PG levels in hepatic cells, it is possible
that the C allele at GGH T16C was associated with
reduced GGH activity and thereby increased the MTX-PG
levels in hepatic cells. As a result, the risk of liver dysfunc-
tion rises. The AA genotype at FPGS A1994G tended
to be associated with liver dysfunction (P=0.068,
OR=4.88, 95% Cl 0.78-30.9). Future research using large
study populations to address the effects of the combina-
tion of GGH and FPGS polymorphisms on MTX toxicity is
needed.

The MTX dosage was probably associated with the
toxicity and efficacy of the drug. In this cohort study,
some patients underwent MTX treatment at other hospi-
tals and had liver dysfunction before being referred to
our institution. For these patients, we did not have access
to previous medical records concerning the exact dosage
of MTX at the time of liver dysfunction. As a general rule,
non-responders to MTX received higher dosages of MTX
(up to 10 mg m™) before the introduction of biologics
than the responders. We therefore used MTX efficacy as
the clinical predictor instead of MTX dosage. The MTX
efficacy tended to be associated with liver dysfunction
(P=0.083), although the effect of MTX dosage on the

toxicity and efficacy of this drug should be evaluated
directly in the future.

Second, we found that the longer time interval
from disease onset to MTX treatment and RF positivity
were associated with lower efficacy of MTX. This
was consistent with previous research results. Time to
treatment was reported as an important factor
in the response to MTX in patients with JIA [6], and RF
positivity was associated with worse disease activity
[18, 191

Paediatric rheumatologists have recently been able to
use MTX for patients with earlier phases of JIA, because
MTX has become well known as a first-line drug in the
treatment of RA and JIA [2, 3]. Therefore, we analysed the
subgroup of early JIA patients. In those who were treated
with MTX within 1 year of disease onset, the CC genotype
at ATIC C347G tended to be associated with the lower
efficacy of MTX. Methotrexate-polyglutamates inhibit
ATIC, the last enzyme in the de novo purine synthesis
pathway. Methotrexate achieves part of its anti-
inflammatory effect through inhibition of ATIC, which
results in the release of the anti-inflammatory agent,
adenosine [9].

It was reported that RA patients with the G allele at
ATIC C347G, resulting in a Thr116Ser substitution, were
likely to have a good response to MTX [9]. Although the
effect of the C347G polymorphism on ATIC enzyme activ-
ity is unknown, ATIC C347G may be in linkage disequilib-
rium with an unknown functional variant, which is
associated with the activity of the purine synthesis
pathway and with the level of adenosine production.
Future basic and clinical prospective studies on a
large number of patients are needed to elucidate this
association.,

There are some limitations to the present study. The
incidence of RF positivity in the patient population studied
was higher than generally seen (~10%) [18], presumably
because our institution is one of the very few paediatric
rheumatology centres in Japan, and many severe cases
with RF positive are referred to our institution for highly
specialized treatment with biologics [13, 201. The efficacy
rate of MTX in this study (28%) was significantly lower than
those in previous Japanese reports [2, 3]. This may be due
to the use of a new second-line choice of biologics, as well
as the characteristics of our institution and the lower limit
of the maximal MTX dosage (10 mg m™) for the treatment
of JIAin Japan [2].

In summary, we found an association between the
non-TT genotype at GGHT16C and liver dysfunction due to
MTX. We also found an influence of time interval from
disease onset to MTX treatment on the efficacy of MTX in
Japanese patients with JIA. Our study showed the impor-
tance of early use of MTX for patients with JIA as well as the
possibility of more personalized therapy for patients with
JIA based on pharmacogenetic study of the MTX pathway
genes.
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Application of the continual reassessment
method 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. Introduction

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/m? [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 et 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 ‘343’
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design. The CRM, based on a Bayesian parametric 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 patients 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 trial.

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 to 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 600 mg/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 I. 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 treatment modification
(interruption and/or reduction) was required at dose level 3. Thus, the EORTC CEX study concluded
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 Table I Dose levels of epirubicin and capecitabine studied in the Japanese and EORTC CEX studies |
“and incidence of dose-li; miting toxicities (DLTS)S obs r the EORTC CEX;sﬁidy; The dose level of
cyciapimsphamd& was fis ed at 60{)mg,«’m on dayf L in. bt:)’ch stud es. ...
Epirubicin Capecuabme Incidence of]
Dose level (mg/m2, day 1 q21d) (mg/m2 twice daily, days 1-14 q21d) DLTs*

Japanese CEX 4 100 900 —

3 90 900 z

2 90 829 9

1 75 829 i

0 75 628 9

EORTC CEX 4 100 1250 %

3 1050 o

2 900 9

| 750 {

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

that the recommended CEX rcglmen be limited to dose level 2 and consist of capecitabine 900 mg/m?
twice daily, epirubicin 100mg/m?, 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 L
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 treatment 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+ B Xi)
T+-exp(fo+ By Xi)
with the intercept by fixed at 3 and a slope parameter by, is assumed. The likelihood for n patients is

FOX )= [] (X, B {1 = (X5, B} D)

i=1

(X fy=Pr(Yi=11X;, p)= M

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 b 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
gamma distribution with mean a/b and variance a/b?, we assumed Ga(a, b) for by in order to
constrain the slope by to be positive and for computational convenience. This constraint 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 to an equation a = b 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 b; fixed at 1, we computed each X; to match Pr(Y =1|X;, fg=3, ; =1)
with the prior probability estimate of DLT occurrence at dose level j for j=0,...,4. As a
result, {Xo, X1, X2, X3, X4}={—5.94, -5.20, —4.10, —3.41, —2.60}.

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

3.1.3. Specification of the intercept by. Under a=>b=35 and bp=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, bp=3 may be a reasonable choice. In contrast, if we use a negative value for the intercept, i.e.
by=-5, {Xo, X1, X2, X3, X4} is computed as {2.06, 2.80, 3.90, 4.59, 5.41} 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 bg=—35 contradicts
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(f|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 trial was stopped if level 0 was
considered too toxic to be administered, e.g. n{Xo, E(f;|data)}>0.40. The posterior distribution of the
slope parameter by and each posterior estimate n{X ;, E(f,|data)} along with its 90 per cent credible

10
08
0.8
0.7
0.84..
0.5
0.4
2.3
0.2
0.1

0.0 ——
R R

DLT probability
DLT probability

e e 'S 0 £ LS S .
-3 «2 «4 . 1 2 3 4 &
@ (N N N ® (N R S
Doselevel 0 1 2 3 4 Doselevel 0O 1 2 3 4
Epirubicin = 75 75 90 90 100 (mg/m?) Epirubicin 75 75 90 90 100 (mg/m?)
Capecitabine 628 829 829 900 900 (mg/mPtwice daily) Capecitabine 628 829 829 900 900 (mg/m?twice daily)

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

intercept bp =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 bp=—3.
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Table IL Incidence of dose-limiting toxicities DLTs). o

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/m?2, 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 HFS' 1 — — — — —
Grade 3 anorexia e — e — I e
Grade 3 mucositis — — e e e 1

*The dose level of CEX was fixed at 600 mg/m2 on day | every 3 weeks.
THFS, hand-foot syndrome.

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
CRER

0.0+ :
P

DLT probability

Dose level 0
Epirubicin 75 75 90 90 100 (mg/m?)
Capecitabine 628 829 829 900 900 (mg/m?twice 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 computed 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 ez al. [14] and Morita et 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 1I, 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 trial.
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4. Establishing a prior

In clinical trials with Bayesian model-based study designs, the prior should reasonably represent the
physician’s uncertainty. We established the prior distribution used in the Japanese CEX study based on
the knowledge and experience of the participating clinical oncologists with regards to the CEX regimen.
As described in Section 3, we assumed a gamma distribution Ga(a, b) for the prior distribution of the
slope parameter b;. Subject to @ =b, the hyperparameter a determines the credible interval of the prior
dose—toxicity curve under the gamma prior Ga(a, b). Thus, we determined that the hyperparameter
a appropriately depicted the pre-study perceptions of the surveyed oncologists regarding the dose—
toxicity relationship. By adjusting the hyperparameter a, i.e. a=2, 8, 20, 40, in addition to a=5
(Figure 1(a)) we created several graphical presentation patterns as shown in Figure 3. The clinical
oncologists consulted in this study came to the consensus that the DLT probability at dose level 1
would be unlikely to be higher than 0.7 (more than double the target DLT level of 0.33) and the DLT
probability at dose level 4 would be at least higher than 0.15 (around half of the target DLT level). The
oncologists also concurred that the prior dose—toxicity curve and its credible interval constructed at a =5
reasonably reflected their knowledge and contained a sufficiently large degree of clinical uncertainty.
Although we determined the hyperparameters of the prior of b; based on an extensive discussion
of the previous data using meticulous graphical presentations, our choice of the hyperparameters was
arbitrary. If an established prior is overly informative, the prior may unduly influence posterior inferences
and decisions, particularly early in the trial. Since dose levels must be selected sequentially in phase I
dose-finding trials based on very small amounts of data, it may be important to quantify information
contained in the chosen priors. These concerns may be addressed by quantifying the prior information

e . ; .
L | A | LU ¢ Pttt
Dose level 0 1 2 3 4 Dose level 0 1 2 3 4
Epirubicin 75 75 90 90 100 (mg/m?) Epirubicin 75 75 90 90 100 (mg/m?)

Capecitabine 628 829 829 900 900 (mg/m?twice daily) Capecitabine 628 829 829 900 900 (mg/m?twice daily)

Figure 3. Prior dose—toxicity curves with hyperparameters a=2, 8, 20, and 40.
Dashed lines indicate its 90 per cent credible intervals.

B
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in terms of an equivalent number of hypothetical patients, i.e. a prior ESS. Such a summary would
allow one to judge the relative contributions of the prior and the data to the decisions. We applied an
ESS method proposed recently by Morita ez al. [5] to the Japanese CEX trial in a retrospective fashion.
The prior ESS computed at a=35 was 2.1. Thus, after enrolling three patients, the information from
the likelihood started to dominate the prior, as desired. In addition, under Ga(5,5), the coefficient of
variation (=standard deviation/mean) of the slope parameter b; was approximately 0.45, which might
indicate some uncertainty in the slope parameter. Hence the prior specified in the Japanese CEX trial
seemed quite reasonable.

As for the sensitivity analysis of the prior, the prior ESS values computed at =2, 6, 7, 8, 20, and
40 are 0.86, 2.6, 3.0, 3.4, 8.6, and 17.1, respectively. It appears that <7 may be needed to ensure an
ESS<3. The prior with =40 has ESS=17.1, so that it has impact roughly equal to that of the data
on the posterior inference, as suggested by comparing Figures 2 and 3. In addition, under a =40, the a
priori 90 per cent credible interval for the increase in the odds of a DLT occurrence, e.g. for the dose
escalation from level 1 to level 2, is computed as 2.3—4.1, which may be excessively narrow compared
with the 90 per cent credible interval of 1.5-7.5 computed under a =>5. Thus, given the limited amount
of information available during the design stage of the Japanese CEX study, the prior with @ =40 may
be criticized as being overly informative.

5. Discussion

When designing a phase I dose-finding study using a Bayesian CRM, certain choices must be made
regarding details involved in a dose~toxicity model, numerical values of dose levels, prior distributions
of model parameters, etc., and these should be sensible and plausible. If a one-parameter logistic model
is chosen for modeling a dose-toxicity relationship, as was our approach in the Japanese CEX study,
the intercept has to be specified at a certain real value. The actual dose levels of the combination
therapy planned in the Japanese CEX study were based on information from the identical regimen
conducted earlier in Caucasian patients, the EORTC CEX trial. In order to reduce the dimension of
the dose levels, we specified the numerical values of the dose levels in the dose—toxicity formulation
using backward fitting. In addition, we established the prior distribution of the slope parameter in the
Japanese phase I trial by eliciting pre-study perceptions regarding the dose—toxicity relationship from
Japanese clinical investigators.

So far, in many cases Japanese clinical investigators have conducted phase I studies assuming that a
RD in Japanese patients should be lower than in Caucasian patients, based on results of clinical trials
conducted in Western countries. That is, a large amount of historical data based on numerous studies
has been integrated to design Japanese phase I trials. The Japanese CEX study, however, did not take
full advantage of the pre-study information on dose-toxicity relationships derived from the EORTC
CEX study to formally establish the prior distribution of the model parameter in the CRM.

Differences in RDs may be caused by specific differences between the abilities of Japanese and
Caucasian populations to tolerate particular toxicities. These interracial differences can be regarded as
patient prognostic covariates, but unfortunately such covariates have not yet been identified. Extensions
of methods to find RDs for ordered prognostic subgroups have been proposed by O’ Quigley and Paoletti
[18], Yuan and Chappell [19], and Ivanova and Wang [20]. These methods may be applied to identifying
RDs within racial subgroups in the setting of a multinational phase I study. Thall er al. [21] have
proposed a Bayesian sequential phase I/II dose-finding design accounting for patient covariates and
dose—covariate interactions. This method may also prove useful in modeling the Japanese-Caucasian
association in a multinational study setting. It may be a significant challenge, however, to construct
informative prior(s) on such an interracial difference in dose~toxicity curves [22].

In the context of Bayesian clinical trial design, well-chosen priors are important to ensure that
posterior-based decision rules have good study operating characteristics. Some appropriate criteria for
calibrating priors may be desired to obtain sensible prior distributions. A prior ESS quantifying the prior
information in terms of the number of hypothetical patients may provide a useful tool for understanding
the impact of prior-related assumptions. A useful property of prior ESS is that it is readily interpretable
by clinical investigators who are involved in designing a clinical trial. ESS_RegressionCalculator.R,
a computer program used to calculate the ESS for a normal linear or logistic regression model, is
available from the website http://biostatistics.mdanderson.org/SoftwareDownload.
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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 ZBiostatistics, University of Texas M.D. Anderson Cancer Center, Houston, Texas.
®Department of Biostatistics and Epidemiology, Yokahama City University Medical Center, Yokahama, Japan.
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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, 1L6, IL10, tumor necrosis factor-o, trans-
forming growth factor-B, 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 8y, for the within-patient
C2D1-versus-BL distributions of p-PDGFR, for each patient,
i=1,..., 88

In the Bayesian regression model for PFS (Morita and
others 2010), Ogr; was used as a covariate representing
change in p-PDGFR from BL to C2D1. This was done be-
cause the values of Or; were much larger than &; and
moreover Og; 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 (Xi, Yy), the difference between the log-transformed cy-
tokine values by W;;=log(Yy) - log(Xy), Z3;=1 if treatment
was docetaxel+-imatinib (DI) and 0 if docetaxel+placebo
(DP), Z»;=Hb at BL, and Z3;=change in PSA from BL to
C2D1. For cytokine j and patient i, the linear component
was assumed to be

MATHEW ET AL.

;= Po+ FrZyi + {B2Zri + B3(1 ~ Z11)} Zos
+{BsZri+ Bs(1 — Z11)} Zai
+{BsZ1i -+ Br(1 — Z1,)} i
+{BsZai + Po(1 = Zai)} 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

3, = 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

B¢ = 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
Bo = effect of change in cytokine value in the DP arm

Using the large (1 = ~2,000 cells) within-patient p-PDGFR
samples taken at BL and at C2D1, the probability of decrease
in p-PDGFR 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.

Wij o bO,i 4 e if PY(DGC‘:) <05
=bo, 1+ by« {Pr(Decr) — 0.5}
+ ey if Pr(Decr)>0.5,

for treatment arm f = DI or DP, where ¢;; 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)=10.5 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 pp)= (bo,po1
bypy), 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.

Resulis

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 VEGFRI1 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 or 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) <0.001° —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) 0.317 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
110 0.39 (0.92) 0.56 (0.79) 0.019 0.64 (0.67) 0.91 (0.75) <0.001*
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
1.2 —0.15 (0.55) —0.27 (0.59) 0.013 0.02 (50) ~0.03 (0.57) 0.677
IL6 0.43 (0.45) 0.06 (0.59) <0.001° 0.57 (0.52) 0.30 (0.54) 0.002
L8 0.76 (0.20) 0.72 (0.24) 0.068 0.76 (0.18) 0.81 (0.27) 0.178
TNFeo 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. Usin g 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; TNFa, tumor necrosis factor alpha.

VEGF, and sVEGFR1 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.

TaABLE 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 UsING THE WILCOXON RaNK SuMm TEST

Cytokines Docetaxel + placebo Docetaxel + imatinib p
TGFp 0.07 (0.23) —-0.03 (0.22) 0.020
bFGF 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°
c-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
TNFa -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 (bypp, by pp)
(bo,o1, by,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 wivo 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(Bg>0!data)=0.975.
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TaBLE 3. SUMMARIES OF 17 FITTED REGRESsION MODELS, ONE FOR EacH CYTOKINE

Docetaxel + placebo

Docetaxel + imatinib

Test for homogeneity
between treatment groups

Cytokine Parameter Estimate SE Estimate SE P value

TGEp 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 0.421 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

IL12p70 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

L2 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

TNFo. 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-PDGFR 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.
PDGFR, platelet-derived growth factor and its receptor; SE, standard error.
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tokine change on progression-free
survival (PFS) the baseline to cycle 2
day 1 change on PFS time for each
cytokine within each treatment arm.
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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(Bs>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

.2
A
%2

10
iL12p70

by an open circle for the docetaxel4
imatinib arm and a filled circle for the
docetaxel+placebo arm.

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-PDGEFR 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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