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Table | Patient characteristics Table 2 Morbidity of the protocol therapy
Arm A (drainage alone) B (ipc BLM) Arm A (drainage alone) B (ipc BLM)
N 4 38 N 42 38
Gender Pain
Male 27 24 None 25 25
Female IS 14 Medication not required 4 4
Controlled with non-opioid analgesics 9 7
Median age (range) 60.5 (39-75) 60 (42-73)
Controlled with opioid analgesics 4 2
Histology
Small cell 3 2 Uncontrollable 0 0
Non-small cell 39 36
Infection
Prior chemotherapy None 39 35
Yes 29 24 Controllable 3 3
No 13 14 Uncontrollable 0 0
Prior thoracic radiotherapy Bleeding
Yes 1 9 None 42 36
No 31 29 Controllable 0 [
Severe 0 !
Drainage methods
Surgical 19 17 Late complications
Others 23 21 None 42 36
Pulmonary 0 0
Median drainage volume in ml (range) 550 (250—1750) 600 (130~1930) Cardiac function 0 | (grade 2)
Constrictive pericarditis 0 | (grade 2)
Effusion cytology .
Negative 6 il ipc BLM = intrapericardial bleomycin instillation.
Indeterminate | ]
Positive 33 25
Not examined 2 2
ipc BLM = intrapericardial bleomycin instillation, 'g
§ — Arm A (n=42)
.. . . . ] — Arm B (n=37)
cytology-positive effusions in arm A. Cytology of the effusion was <
positive in 58 cases out of the 76 examined (76%). =
In arm B, all 38 patients received at least one ipc BLM =z
instillation and a total of 74 administrations: seven patients ] N,
received four administrations (total BLM dose: 45mg), five g Ty —
received three administrations (total BLM: 35mg), five received » ﬁ_—‘_\——x___\___‘_ﬁ
two administrations (total BLM: 25mg) and the remaining 21 . + : :
received a single administration (total BLM: 15 mg). There was no 6 8 10 12
apparent relationship between total dose and efficacy end points (months)
such as EFFS, except that those required four administrations had Figure 1 Effusion failure-free survival (EFFS). The median EFFS was 30

a worse primary control of the MPE,

A total of 24 patients (14 in arm A and 10 in arm B) received
systemic chemotherapy after drainage tube removal. Nine patients
(five in arm A and four in arm B) received gefitinib. Cytotoxic
chemotherapy was administered to 21 patients (11 in arm A and 10
in arm B).

Morbidity and early deaths

Table 2 summarises the morbidity of the protocol therapy.
Although 30 (38%) of the patients experienced some pain, no
significant difference in the incidence and severity of pain was
observed between the arms. Bleeding and infections were rare and
generally controllable. Two patients in arm B developed transient
fever of moderate degree (38-38.7°C). One case with constrictive
pericarditis at 4 months and another with late cardiac dysfunction
at 12 months after the registry, both reported to be grade 2, were
observed in arm B.

As anticipated, there were as many as nine early deaths within
30 days of randomisation; five in arm A and four in arm B.
Although the death was ascribed to disease progression in the
majority, two patients in arm A died of massive bleeding during
surgical attempts at re-drainage for recurrent MPE, possibly due to
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days in arm A and 57 days in arm B, with a hazard ratio of 0.64 (95%
confidence interval: 0.40—1.03), with arm B significantly favouring this
parameter (one-sided P =0.030 by log-rank test).

crack formation in the ventricular wall upon dissection of the
adherent pericardium. Another patient in arm B died suddenly on
day 12 of the protocol without a clear cause.

Efficacy end points

Primary control of the MPE with successful tube removal within 7
days of randomisation was achieved in 28 of the 42 cases (67%) in
arm A and 27 of the 37 eligible cases (73%) in arm B, the difference
between the two groups not being statistically significant. The
median time to tube removal was 7 days in each arm. Arm B
favoured EFFS (Figure 1), with a hazard ratio of 0.64 (95%
confidence interval: 0.40-1.03, and one-sided P=0.030 by log-
rank test).

The EFFS at 1, 2, 4, 6 and 12 months was 50, 29, 17, 14 and 5%,
respectively, for arm A, and 65, 46, 32, 24 and 10%, respectively,
for arm B. Although arm B also favoured the primary end point,
EFFS at 2 months (46 vs 29%), the difference between the two
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Figure 2 Effusion failure-free survival (EFFS) in effusion cytology-positive
patients. In the effusion cytology-positive patient subset, arm B favoured
EFFS. The hazard ratio was 0.69 (95% confidence interval: 0.39—1.21).
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Figure 3 Effusion failure-free survival (EFFS) in effusion cytology-negative
or -indeterminate patients. In the effusion cytology-negative or
-indeterminate patient subset, arm B favoured EFFS, The hazard ratio
was 0.39 (95% confidence interval: 0.12—1.21).

groups was not statistically significant (one-sided P=0.086 by
Fisher’s exact test).

The median OS was not significantly different between the two
arms: 79 days in arm A and 119 days in arm B. The OS rates at 6
months were 27 and 31% in arm A and arm B, respectively.

Subgroup analysis

As more patients in arm A had cytology-positive effusion, which
has been reported to be associated with a poor prognosis (Gornik
et al, 2005), subset analysis was performed according to the
effusion cytology status (Figures 2 and 3). In both cytology-positive
patients (Figure 2) and cytology-negative or -indeterminate patients
(Figure 3), arm B favoured EFFS.

Thirty-six patients had undergone surgical (subxiphoid peri-
cardiostomy) and 43 had undergone non-surgical (percutaneous
tube pericardiostomy) drainage before randomisation. Patients
with surgical drainage tended to have a longer EFFS (Figure 4). The
effect of ipc BLM was observed irrespective of the drainage method
employed; arm B tended to favour EFFS both in patients with
surgical drainage (hazard ratio 0.62, 95% confidence interval
0.30-1.29) and in those with non-surgical drainage (hazard ratio
0.56, 95% confidence interval: 0.29-1.05).

Symptom palliation

The baseline symptom scores were taken for all of the 79 eligible
patients, at enrolment (after drainage). At the 1-month follow-up,

© 2009 Cancer Research UK

Intrapericardial bleomycin in lung cancer
H Kunitoh et al

o

10}
0.9
0.8}
07 77 Non-surgical drainage (n=43)
0.6} ¢
0.5 |
04t
03}
0.2t
0.1t
0.0

— Surgical drainage (n=36)

Survival with MPE control

[¢] 1 2 3 4 5 6 7 8 g 10 11 12

Figure 4 Effusion failure-free survival (EFFS) and drainage method.
Patients with surgical drainage tended to have longer EFFS (median EFFS:
2.0 vs L.| month).

Table 3 Symptom palliation

Arm A (drainage alone) B (ipc BLM)
N eligible 42 37
% of those with improved or stable scores®
Cough 60% 57%
Pain 50% 62%
Anorexia 55% 62%
Dyspnoea 62% 46%
Total 55% 51%

ipc BLM =intrapericardial bleomycin instillation. *The scores at | month were
compared with those at enrolment.

approximately half of the patients (55% in arm A and 51% in
arm B) had stable or improved overall scores. There were no
significant differences between the arms for any of the symptom
scores (Table 3).

DISCUSSION

Malignant pericardial effusion is a potentially life-threatening
complication of malignancy that usually manifests itself at an
advanced or terminal stage of the disease. It brings great agony to
the patient once it becomes symptomatic, with dyspnoea,
orthopnoea, chest pain and cough. Although the prognosis of the
patients with MPE is very poor, especially in those with
chemotherapy-resistant tumours such as non-small-cell lung
cancer (Press and Livingston, 1987; Okamoto et al, 1993; Gornik
et al, 2005; Yonemori et al, 2007), optimal management is very
important for palliation,

Pericardial sclerosis following drainage has been widely
performed. However, data are available mainly from phase II
trials or case series. In fact, historical comparison has failed to
demonstrate the efficacy of pericardial sclerosis over drainage
alone (Okamoto et al, 1993; Vaitkus ef al, 1994). It has also been
suggested that sclerosis may be effective in preventing re-
accumulation of MPE after percutaneous tube pericardiostomy,
but not after subxiphoid pericardiotomy, because the surgical
intervention alone was considered to be sufficient to prevent
recurrent MPE (Press and Livingston, 1987; Park et al, 1991;
McDonald et al, 2003).

In addition, there are some potential morbidities associated with
pericardial sclerosis; most of the agents used as sclerosants
produce unpleasant adverse effects, such as fever and pain (Liu
et al, 1996). There is also concern about the complications of the
procedure, both in the short term, such as bleeding and infection,
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and in the long term, such as constrictive pericarditis, as the
inflammatory response causes adhesion of the visceral and parietal
pericardium (Shepherd, 1997).

We undertook a randomised trial to evaluate the efficacy of
pericardial sclerosis following drainage as compared with drainage
alone. We chose BLM as the sclerosant agent for ipc instillation,
because of its low toxicity as compared with doxycycline, reported
from an earlier randomised trial (Liu et al, 1996). We included
only patients with non-small-cell lung cancer or chemotherapy-
treated small cell cancer to minimise the influence of systemic
chemotherapy after the protocol study (Vaitkus et al, 1994). We
randomised the patients after the pericardial drainage, as we
judged that obtaining informed consent before it, that is when the
patients suffer from symptoms of MPE, would be very difficult.
Therefore, we did not specify the indication for drainage and
enrolled cases after both emergent and elective drainage. We thus
focused on the prevention of MPE recurrence. We could not find
any comparable phase I1I trial on this participant, and no such trial
is registered in ClinicalTrial gov.

We found that ipc BLM instillation seemed to be effective at
preventing the recurrence of MPE. However, the benefit in the
primary end point, that is, EFFS at 2 months, was not significantly
different, which is a major drawback to make a definitive
conclusion. The therapeutic benefit, which could not be demon-
strated with our modestly sample-sized trial, therefore, might be
only a modest one. On the other hand, the benefit of ipc BLM
seemed to be unrelated to the drainage method. As expected, the
OS was poor in both arms and not significantly different.

Our study has several limitations. One is that without significant
survival prolongation and difference of symptom scores, modest
improvement of the EFFS might not represent true patient benefit.
We believe, however, that conductance of our trial itself would be
fully justified; given the severe symptoms of uncontrolled MPE and
the inconvenience of the drainage tube, survival without MPE
would be a worthwhile treatment goal.

The second limitation was that we limited the participants to
lung cancer patients, which makes it difficult to evaluate late
complications due to short OS. In patients with more chemother-
apy-sensitive tumours such as breast cancer or lymphoma, many
more patients may be expected to live for up to at least 1 year
longer. There would be greater concern about late pericardial or
cardiac complications, which we did observe in two of our own
cases. Even for lung cancer patients, advances in systemic therapy
may be expected to improve the outcome of those with even far-
advanced disease in the future, which would evidently modify the
risk/benefit of ipc BLM.

The third limitation of our study was that we did not control for
the method of primary pericardial drainage, and each institution
chose it in accordance with its daily practice. We do not believe
that our results were much biased by the drainage methods, as
each participating institution basically adhered to one method of
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its choice, and the ipc BLM arm tended to favour EFFS in both
subgroups with surgical and non-surgical drainage. However,
control for the drainage method or indication (emergent vs
elective) for drainage might be necessary in future trials, as they
might well affect the patient outcomes. In fact, we did observe that,
although not a randomised comparison and thus it should be
interpreted with caution, patients who underwent surgical
drainage tended to have a better MPE control.

Recently, less invasive techniques for surgical treatment of
MPE have been described, such as percutaneous balloon
pericardiotomy (Ziskind et al, 1993; Wang et al, 2002), which
create a pleuro-pericardial communication and allow fluid
drainage into pleural space. It was reported to be effective and
safe, and may potentially obviate the need for surgical interven-
tion. However, it has yet to be compared with other drainage
methods and its role has not been established. No patient
underwent this procedure in our study.

One ancillary finding of our study was that two patients died of
major bleeding during surgical attempts at re-drainage for
recurrent MPE. Although it has rarely been reported in the
literature, partial adhesions could have led to injury to the cardiac
wall during the surgical procedure.

In this trial, we evaluated the safety and efficacy of pericardial
sclerosis with a ‘classic’ sclerosant agent of BLM. Future trial
designs would include one to compare BLM with another agent
with a different mode of action, such as intrapericardial instillation
of a platinum compound as ‘local chemotherapy’.

In conclusion, we found that pericardial sclerosis with ipc BLM
after drainage appears to be safe and effective, overall, in the
management of MPE in patients with lung cancer and should be a
valid therapeutic option in these patients. We could not, however,
demonstrate a statistical significance in the primary end point with
the modest sample size of 80. The therapeutic advantage might not
be large enough, and more trials are warranted.
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Identification of a Predictive Biomarker for Hematologic
Toxicities of Gemcitabine

Junichi Matsubara, Masaya Ono, Ayako Negishi, Hideki Ueno, Takuji Okusaka, Junji Furuse, Koh Furuta,
Emiko Sugiyama, Yoshiro Saito, Nahoko Kaniwa, Junichi Sawada, Kazufumi Honda, Tomohiro Sakuma,
Tsutomu Chiba, Nagahiro Saijo, Setsuo Hirohashi, and Tesshi Yamada

Purpose

Gergwcitabine monotherapy is the current standard for patients with advanced pancreatic cancer,
but the occurrence of severe neutropenia and thrombocytopenia can sometimes be life threat-
ening. This study aimed to discover a new diagnostic method for predicting the hematologic
toxicities of gemcitabine.

Patients and Methods

Using quantitative mass spectrometry (MS), we compared the baseline plasma proteomes of 25
patients who had developed severe hematologic adverse events (grade 3 to 4 neutropenia and/or
grade 2 to 4 thrombocytopenia) within the first two cycles of gemcitabine with those of 22 patients
who had not (grade 0).

Results

We identified 757 peptide peaks whose intensities were significantly different (P < .001,
Welch t test) among a total of 60,888. The MS peak with the highest statistical significance
{P = .0000282) was revealed to be derived from haptoglobin by tandem MS. A scoring system
{nomogram) based on the values of haptoglobin, haptoglobin phenotype, neutrophil count, platelet
count, and body-surface area was constructed to estimate the risk of hematologic adverse events
{grade 3 to 4 neutropenia and/or grade 2 to 4 thrombocytopenia) with an area under curve value
of 0.782 in a cohort of 166 patients with pancreatic cancer. Predictive ability of the system was
confirmed in two independent validation cohorts consisting of 87 and 52 patients with area under
the curve values of 0.655 and 0.747, respectively.

Conclusion .

Although the precise mechanism responsible for the correlation of haptoglobin with the future
onset of hematologic toxicities remains to be clarified, our prediction model seems to have high
practical utility for tailoring the treatment of patients receiving gemcitabine.

J Clin Oncol 27:2261-2268. @ 2009 by American Society of Clinical Oncology

dard first-line treatment for unresectable advanced
pancreatic cancer.” However, hematologic toxicity
is the dose-limiting factor of gemcitabine thera-
py.® Although severe nonhematologic toxicity is

Pancreatic adenocarcinoma is one of the most ag-
gressive and lethal cancers.' Tt is the fifth leading

cause of cancer-related mortality in Japan and the
fourth leading cause in the United States, accounting
for an estimated more than 23,000 annual deaths in
Japan and more than 33,000 deaths in the United
States.”’ The median survival time of patients
with advanced pancreatic cancer had remained at
only 3 to 4 months until the introduction of the
nucleoside anticancer drug gemcitabine (2',2'-
difluorodeoxycytidine). Gemcitabine monotherapy
extended the overall survival of pancreatic cancer
patients up to 6 months, along with significant clin-
ical benefits such as pain relief and improvement of
performance status,”® and is now accepted as a stan-

infrequent,® 20% to 30% of patients receiving
gemcitabine experience grade 3 to 4 neutropenia
{National Cancer Institute [NCI] Common Toxic-
ity Criteria, version 2.0), and approximately 10%
experience grade 3 to 4 thrombocytopenia.™®*'¥
These levels of severe hematologic adverse events
(AEs) can be potentially life threatening.

Several attempts have been made to predict the
occurrence of AE associated with chemotherapy.
Old age, poor performance status, and reduced ini-
tial blood cell counts have been reported to be the
risk factors of hematotoxicities.'"*'? To further im-
prove prediction accuracy, combinations of these

© 2009 by American Society of Clinical Oncology 2261
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risk factors have also been proposed,''™* but no reliable predictor has
been established for gemcitabine-induced hematologic AEs. We pre-
viously identified a significant correlation of a nonsynonymous single
nucleotide polymorphism of the cytidine deaminase (CDA) gene with
altered pharmacokinetics of gemcitabine, but its prediction accuracy
for hematologic AE was not satisfactory.'>'®

Recent advanced proteomic technologies have been increasingly
applied to studies of clinical samples'” to identify biomarkers that
could facilitate the tailoring of cancer treatments. Protein expression is
not always correlated with mRNA expression,'® and it is anticipated
that alterations in the protein content of clinical samples more directly
reflect the biologic and pathologic status of patients. Matrix-assisted
laser desorption/ionization mass spectrometry (MS) is becoming a
method of choice for profiling of clinical samples as a result of its high
sensitivity and throughput. In fact, previous studies have successfully
identified biomarkers that could predict the outcome of cancer pa-
tients and the efficacy of molecular-targeting drugs.'”” However,
only low molecular weight proteins can be analyzed by matrix-assisted
laser desorption/ionization MS, and thus, a method allowing more
comprehensive protein profiling is desirable.

Shotgun proteomics is an emerging concept in which whole
proteins are enzymatically digested into a large array of small peptide
fragments having uniform physical and chemical characteristics and
then analyzed directly by MS. We previously developed a new plat-
form, namely two-dimensional image converted analysis of liquid
chromatography and mass spectrometry (2DICAL), to give a quanti-
tative dimension to shotgun proteomics.”' To identify new biomark-
ers that might be useful for prediction of gemcitabine-induced
neutropenia and thrombocytopenia in patients with pancreatic can-
cer, we compared the plasma protein profiles of two extreme popula-
tions of patients who had shown different responses to the same
gemcitabine treatment by 2DICAL. Here we report the identification
of plasma/serum haptoglobin as a biomarker of hematologic toxicities
associated with gemcitabine treatment.

Patients

Plasma or serum samples were collected from three cohorts (modeling
[MO], validation-1 [V1], and validation-2 [V2] cohorts) totaling 305 patients.
All the patients had locally advanced or metastatic (stage IVA or IVB),??
histologically or cytologically proven pancreatic ductal adenocarcinoma and
received at least two cycles of gemcitabine monotherapy (1,000 mg/m” intra-
venously over 30 minutes on days 1, 8, and 15 of a 28-day cycle). Demographic
and laboratory data for the patients before administration of gemcitabine are
listed in Appendix Tables Al to A3 (online only). The severity of early hema-
tologic AEs that appeared within the first two cycles of the gemcitabine treat-
ment was graded according to NCI Common Terminology Criteria for
Adverse Events (CTCAE; version 3.0).

Cohort M0 comprised 166 patients who had been enrolled onto our
previous study at the National Cancer Center (NCC) Hospital (Tokyo, Japan)
and Hospital East (Kashiwa, Japan) between September 2002 and July
2004.'>'® Cohort V1 comprised 87 patients who had been treated consecu-
tively at the NCC Haspital between August 2005 and June 2007, and cohort V2
comprised 52 patients treated at the NCC Hospital consecutively between
August 2004 and July 2005.

Sample Preparation
Blood was drawn before the administration of gemcitabine. Plasma
(cohorts MO and V1) or serum (cohort V2) was separated by centrifugation at
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4°C and frozen at —70°C (cohort M0) or —20°C (cohorts V1 and V2) until
analysis, Macroscopically hemolyzed samples were excluded from the current
analysis. The protocol of this retrospective study was reviewed and approved
by the institutional ethics committee boards of the NCC (Tokyo, Japan) and
the National Institute of Health Sciences (Tokyo, Japan).

Liquid Chromatography/MS

Samples were passed through an IgY-12 High Capacity Spin Column
(Beckman Coulter, Fullerton, CA) in accordance with the manufacturer’s
instructions to reduce the amounts of the 12 most abundant plasma proteins.
The flow-through portion was digested with sequencing-grade modified tryp-
sin (Promega, Madison, WI) and analyzed in triplicate using a nano-flow
high-performance liquid chromatograph (NanoFrontier nLC; Hitachi High-
Technologies, Tokyo, Japan) connected to an electrospray ionization quadru-
pole time-of-flight (ESI-Q-TOF) mass spectrometer (Q-Tof Ultima; Waters,
Milford, MC).

MS peaks were detected, normalized, and quantified using the in-house
2DICAL software package, as described previously.” A serial identification
(TD) number was applied to each of the MS peaks detected (1 to 60,888). The
stability of liquid chromatography/MS was monitored by calculating the cor-
relation coefficient of every triplicate measurement. The mean correlation
coefficient (= standard deviation) of the entire 60,888 peaks of the 47 triplicate
runs was as high as 0.978 (*0.017).

Tandem MS

Peak lists were generated using the Mass Navigator software package
(version 1.2; Mitsui Knowledge Industry, Tokyo, Japan) and searched against
the SwissProt database (downloaded from http://www.expasy.ch/sprot/sprot-
top.hitml on October 18, 2007) using the Mascot software package (version
2.2.1; Matrix Science, London, United Kingdom). The score threshold was set
to P <05 based on the size of the database used in the search.

Western Blot Analysis

Primary antibodies used were rabbit polyclonal antibody against human
haptoglobin (Dako, Glostrup, Denmark) and mouse monoclonal antibody
against human complement C3b-c (Progen, Heidelberg, Germany). Ten mi-
croliters of partitioned sample were separated by sodium dodecyl sulfate—
polyacrylamide gel electrophoresis (SDS-PAGE) and electroblotted onto a
polyvinylidene difluoride membrane. The membrane was then incubated with
the primary antibody and subsequently with relevant horseradish peroxidase—
conjugated antirabbit or antimouse immunoglobulin G as described previous-
ly.***" Blots were developed using an enhanced chemiluminescence (ECL)
detection system (GE Healthcare, Buckinghamshire, United Kingdom).

Quantification and Subtyping of Haptoglobin

The concentration of plasma or serum haptoglobin was measured using
an automated immunonephelometry BN-II system (Siemens Healthcare Di-
agnostics, Tokyo, Japan). The phenotype of haptoglobin «-chain was deter-
mined by nondenaturing (native) SDS-PAGE.*®

Categorization of Hematologic Toxicities

Overall severity of hematologic toxicities after gemcitabine treatment
was classified into categories I to IV based on the worst CTCAE grades of
neutropenia and thrombocytopenia (Appendix Fig Al, online only), as fol-
lows: category I, grade 0 to | neutropenia and grade 0 thrombocytopenia;
category II, grade 2 neutropenia or grade 1 thrombocytopenia; category 111,
grade 3 neutropenia or grade 2 thrombocytopenia; and category TV, grade 4
neutropenia or grade 3 to 4 thrombocytopenia.

Statistical Analysis

Statistical significance of intergroup differences was assessed using the
Welch 1 test, x* test, Wilcoxon test, or Kruskal-Wallis test, as appropriate.
Multivariate regression analysis was performed using ordinal logistic regres-
sion modeling. Factors included in the prediction model were selected with a
forward stepwise selection procedure using Akaike’s Information Criterion
(AIC). To correct biased sample sizes of categories, each observation was
weighted according to the sample size of its category in the fitting process. The
significance of differences between models with and without haptoglobin was
assessed with the likelihood ratio test. Statistical analyses were performed using
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an open-source statistical language R (version 2.7.0; http://www.r-project
.org/) with the optional module design package.

Plasma Proteins Associated With Hematologic AEs

To identify a biomarker that can predict the occurrence of hema-
tologic AEs associated with gemcitabine treatment, we compared the
baseline plasma proteome between 25 patients who developed severe
AEs (grade 3 to 4 neutropenia and/or grade 2 to 4 thrombocytopenia)
and 22 patients who did not (grade 0) using 2DICAL. These levels of
hematologic AEs have been used as criteria for dose reduction or
postponement of gemcitabine-based treatments.”*® There was no
significant difference in age, sex, Eastern Cooperative Oncology
Group performance status, routine biochemical laboratory data, or
pharmacokinetics of gemcitabine'® (Table 1 and data not shown)
between the two extreme groups of patients who were selected from
cohort M0, but the patients who experienced severe AEs had signifi-
cantly lower baseline peripheral-blood leukocyte, neutrophil, and
platelet counts than patients without AEs (Table 1).

Among a total of 60,888 independent MS peaks detected within
the range of 250 to 1,600 m/z and within the time range 20 to 70
minutes, we found that the mean intensity of triplicates differed sig-
nificantly in 757 peaks (P < .001, Welch ¢ test). Figure 1A is a repre-
sentative two-dimensional view of all the MS peaks displayed with m/z
along the x-axis and the retention time of LC along the y-axis. The 757
MS peaks whose expression differed significantly between patients
with severe AEs and patients without AEs are highlighted in red.

One hundred fifteen MS/MS spectra acquired from 200 peaks
with the smallest P values were matched to 41 proteins in the database
(Mascot score of > 15; Appendix Tables A4 and A5, online only).
Notably, MS peaks including one that was decreased in patients with
severe AEs with the highest statistical significance (P = .0000282; Fig
1B) most recurrently (six times) matched the amino acid sequences of
the haptoglobin (HP) gene product (Appendix Fig A2, online only).
Figure 2A shows the distribution of two representative haptoglobin-
derived MS peaks (1D 2062 {at 491 m/zand 44.5 minutes] and ID 5681
[at 602 m/z and 47 minutes}) in patients with severe AEs and
without AEs. The differential expression and identification of hap-
toglobin were confirmed by denaturing SDS-PAGE and immuno-
blotting (Fig 2B).

Correlation of Haptoglobin With the Degree of
Hematologic Toxicities

The levels of haptoglobin in plasma or serum samples ob-
tained from 305 patients with advanced pancreatic cancer before
gemcitabine treatment were measured by immunonephelometry
and compared with the occurrence and severity of hematologic AEs.
Consistent with 2DICAL analysis, the plasma levels of haptoglobin
were significantly lower in the 25 patients with severe AEs than in the
22 patients without AEs (P = .0002, Wilcoxon test; Table 1).

The plasma level of haptoglobin showed a significant correlation
with the NCI-CTCAE grade of neutropenia (P = .012, Kruskal-Wallis
test) and hematologic toxicity categories (P = .001) in the 166 patients
of cohort MO (Fig 3A and Appendix Table A1). The correlation of
haptoglobin levels with the grades of neutropenia and thrombocyto-
penia as well as the toxicity categories was consistently observed in the

wiww.jco.org

Table 1. Clinical and Laboratory Data of Patients Without AEs and

With Severe AEs

Patients Without

Patients With Severe

Factor AEs (n = 22 AEs {n = 25) P
Haptoglobin; mg/db- G : #0002
Mean 286 1667
D - 130 59"
Haptoglobin phenotype, No. 705"
of patients
Hp 2-2 12 14
Hp 2-1 8 7
Hp 1-1 2 4
Sex; No:of patients s e .344°
Male 12 17
Female o L 10 8
Age, years 616
Mean 64 63
SD 8 8
ECOG performance status,:; 862"
No: of patients :
0 i 12 13
1 10 12
2 ; 0 9
Body-surface area, m? 733
Mean 1.51 1.53
sb 0.20 0.18
Prior. therapy, No. of . --.867°
patients R
None : : 19 22
Chemoradiotherapy using 3 3
FU for LAPC ‘
Leucacyte, X103/uL .0002
Mean 7.4 4.8
sD ) 2.8 1.4
Absolute neutrophil count, .0002
*x10%al: ‘ :
Mean 83 3.0
SD : 24 1
Platelet, x10%/ul 0001
Mean 28 17
SD 11 6
Hemoglobin, g/dL S 806
Mean 2.1 1.9
sD 1.4 14
Albumin, g/dL 131
Mean 3.6 3.7
sD 0.4 0.3
Creatinine, mg/dL 831
Mean 072 0.70
SO 0.25 0.17
AST, UL 430
Mean 37 29
sD 26 13
ALT, UL g 624
Mean" 43 32
S0 37 24
ALP, UL 815
Mean 593 458
sD 591 283
Pharmacokinetic parameters
of gemcitabine
Crnai afml 594
Mean . : 24.02 3.2
sD ; 7.18 6.68
AUC, h - pg/mb 462
Mean 9.95 10.74
sD 236 3.03

NOTE. Kruskal-Wallis test was applied to assess differences of values.

Abbreviations: AE, adverse event; SD, standard deviation; ECOG, Eastern
Cooperative Oncology Group; FU, fluorouracil; LAPC, locally advanced pancre-
atic cancer; ALP, alkaline phosphatase; C,,,,,. peak concentration; AUC, area

under the curve.
*Calculated using the y? test.
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FOO 800 SO0, 1000 . 100 - 1200

m/z

Patient without AE

m/z

300

Patient with severe AE

B Peaks with P<.001 Fig 1. {A) Two-dimensional display of
the entire {> 60,000) mass spectrome-
N try (MS) peaks. The 757 MS peaks
whose mean intensity differed signifi-
cantly between patients with severe ad-
verse events (AEs) and patients without
AEs (P < .001, Welch ¢ test) are high-
lighted in red. (B} MS peak with the
smallest P value (P = .0000282; red
arrows) in representative patients with
severe AEs {right) and without AEs {left).
RT, retention time.

two independent validation cohorts V1 (Fig 3B and Appendix Table
A2) and V2 (Fig 3C and Appendix Table A3). The correlations be-
tween the levels of haptoglobin and the toxicity categories showed the
highest statistical significance in all three cohorts (Figs 3A to 3C). The
toxicity categories are criteria that we devised to evaluate the clinical
severity of overall hematologic toxicities with emphasis on thrombo-
cytopenia (Appendix Fig A1) from a practical viewpoint.?*?® The
management of neutropenia is largely uncomplicated because of the
availability of granulocyte colony-stimulating factor.

Haptoglobin Phenotype and Hematologic Toxicities
Haptoglobin is a plasma protein that binds free hemoglobin and
inhibits its oxidative activity. The human HP gene has two common
polymorphicalleles (HI and H2), yielding individuals with the follow-
ing three distinct phenotypes in the «a-chain of haptoglobin protein:
Hp 1-1, Hp 2-1,and Hp 2-2. The H2 genotype has been reported to be
associated with an increased risk of myocardial infarction and juvenile
diabetes.”” Although the frequency of the three phenotypes did not

2264 © 2009 by American Society of Clinical Oncology

differ significantly with the severity of hematologic toxicities
(P> 360, x” test; Table 1 and Appendix Tables Al to A3), the levels of
haptoglobin were lower in individuals with the Hp 2-2 phenotype
than in those with the Hp 2-1 or Hp 1-1 phenotype (Appendix Fig A3,
online only).

Construction and Validation of a Model Predicting
Hematologic Toxicities

In the MO cohort (n 166), 68 patients (41%) experienced
category l11 hematologic toxicities, and 18 patients (11%) experienced
category IV hematologic toxicities. Such levels of AE often necessitate
the postponement of chemotherapy, and therefore, their prediction
before drug administration is desirable. Because none of the parame-
ters, including haptoglobin, was able to predict AEs satisfactorily when
used individually (data not shown), we attempted to construct a
multivariate predictive model to estimate the relative risk of suffering
from hematologic toxicities of category 111 or worse. We searched for
these parameters using a forward stepwise selection procedure by AIC
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Peak ID 5681
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from all of the clinical and laboratory data listed in Appendix Table Al
(available for 162 patients) and found that a combination of plasma
haptoglobin level, haptoglobin phenotype, absolute neutrophil count
(ANC), platelet count, and body-surface area (BSA) provided the
lowest AIC value. The prediction model using this combination of
parameters was significantly compromised when haptoglobin level
and phenotype were excluded (x* = 11.49, df = 3, P= 009, likelihood
ratio test). We estimated the independent contribution of each pa-
rameter to this prediction model and found that the baseline hapto-
globin level was the second most impertant contributor to the model
(Table 2).

On the basis of the results of multivariate logistic regression
analysis, we constructed a nomogram in which the values of the five
parameters (haptoglobin level, haptoglobin phenotype, ANC, platelet
count, and BSA) are integrated into a single score (total point) to
estimate the relative risk of having hematologic toxicities more severe
than category II, category I1I, or category IV (Fig 4A). The area under

WHWLjco.org

the curve value for the prediction of categories 111 to TV was calculated
to be 0.782 (95% CI, 0.711 to 0.843) in cohort MO (Fig 4B). Predictive
ability was confirmed in two independent validation cohorts, V1 and
V2, that were not used for construction of the nomogram, with area
under the curve values of 0.655 (95% Cl, 0.546 to 0.754) and 0.747
(95% CI, 0.606 to 0.858), respectively (Fig 4B).

The early onset of severe AE necessitates dose reduction or post-

ponement of treatment, leading to failure of chemotherapy.*®*' In

particular, the current gemcitabine monotherapy against advanced
pancreatic cancer is mainly aimed at disease palliation, and thus,
avoidance of life-threatening AEs is necessary. In this study, we first
compared the plasina proteome of two groups of patients who showed
distinct responses to the same protocol of gemcitabine therapy (Fig 1).
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Fig 3. Plasma/serum haptoglobin levels according to the Common Terminology Criteria of Adverse Events (CTCAE; version 3.0). Grades of neutropenia (left),
thrombocytopenia {middie}, and hematologic toxicity categories {right) in the (A} modeling (MO}, (B} validation-1 {(V1}, and (C} validation-2 {V2} cohorts. Horizontal lines

represent the average levels of haptoglobin.

There was no significant difference in age distribution, Eastern Coop-
erative Oncology Group performance status, liver function, renal
function, or prior chemoradiotherapy between the groups (Table 1
and data not shown), indicating that the occurrence of AEs does not
merely reflect the general poor condition of patients but is based on
certain biologic differences among individuals. We found that indi-
viduals who experienced severe AEs after administration of gemcitab-
ine showed decreased baseline levels of plasma haptoglobin (Figs 1B
and 2A), and this result was validated in three large cohorts using a
different methodology (Fig 3 and Appendix Tables Al to A3). Hapto-
globin is an abundant plasma protein that usually cannot be measured
by direct MS. However, constant depletion using an IgY-12 High

2266 © 2008 by American Society of Clinical Oncology

Capacity Spin Column™ allowed us to accentuate the differences in
haptoglobin levels.

The molecular mechanisms that regulate the plasma haptoglobin
level under physiologic and pathologic conditions are largely un-
known. Haptoglobin is produced mainly in the liver, taken up by
neutrophils, and stored within their cytoplasmic granules. Haptoglo-
bin is released in response to a variety of stimuli, such as infection,
trauma, and malignancy,™ and modulates inflammatory responses.
Tumor necrosis factor « induces the release of haptoglobin from
neutrophils in vitro.™* Interestingly, tumor necrosis factor « and its
soluble receptors have been reported to be associated with an in-

creased risk of hematologic toxicities,'>***¢
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Table 2. Contribution of Parameters 1o Prediction of Hematologic
Toxicities Associated With Gemcitabine

Factor Odds Ratio™ 95% Ci P

Haptoglobin fevel =7 i [ 0717 .0.53t0.0.97 0311
Phenotype of haptoglobin (v Hp 2-2)

Hp 2-1 0.61 0.31t01.21 .159
Hp 141 2.16 0.70t0 6.6 .180
Absolute ‘neutrophil:count .0.72:0:4:0.6110.0.86:.0003T

Platelet count 0.63 0.39t01.01 .056
Body-surface area ‘ 3.86. 0.63t023.76 1145

NOTE. A forward stepwise selection based on Akaike's Information Criterion
was used to select parameters for multivariate analysis.

“Odds ratios are per 100 mg/dl. increase for haptoglobin level, per 1,000/ul
increase for absolute neutrophil count, per 10 X 10%/ul increase for platelet,
and per 1.00 m? increase for body-surface area.

tP < .05.

To derive clinical applicability from these basic findings, we con-
structed a model (nomogram) that estimates the possibility of occur-
rence of hematologic AE before administration of gemcitabine (Fig 4A
and Appendix Fig A4). The significance of the model was further
confirmed in two independent validation cohorts (Fig 4B). Although
its accuracy was far from perfect, the model seems to be practically
sufficient for identifying individuals who are likely to suffer from
hematologic toxicities after administration of gemcitabine. Various
cytotoxic or molecular targeting agents have been tested in combina-
tion with gemcitabine in phase III trials, but no apparent additional
therapeutic benefit has been demonstrated.>**'° The application of
this model to patient selection may improve the outcome of such
trials. We are now trying to identify new biomarkers that can predict
the efficacy of gemcitabine treatment using a similar strategy.

The phenotypes of haptoglobin have been reported to be
associated with different hemoglobin-binding, antioxidative, and
prostaglandin synthesis—initiating activities.>® Although haptoglobin
phenotype was not significantly associated with hematologic toxicities
(Table 1 and Appendix Tables Al to A3), the average levels of hapto-
globin differed among individuals with different phenotypes (Appen-
dix Fig A3), as described previously.” For this reason, haptoglobin
phenotype was selected in the prediction model by AIC analysis
(Table 2). BSA has been repeatedly selected as one of the multivar-
iate parameters for predicting the AEs of anticancer therapies in
other studies,' ™ suggesting a potential lack of accuracy in calculat-
ing individually optimized drug dose based solely on BSA, as pointed
out previously.**?

In conclusion, we have revealed that a decreased level of hapto-
globin is the second most significant factor predicting hematologic
toxicities associated with gemcitabine monotherapy after ANC (Table
2). Measurement of haptoglobin is now established as a laboratory
test and could be readily incorporated into routine oncologic prac-
tice. However, the predictive significance of haptoglobin was re-
vealed only in a retrospective population from a single institution
and must, therefore, be validated in an independent prospective
multi-institutional study. It was not determined in this study whether
haptoglobin could be a predictive biomarker for the AEs of other
chemotherapeutic agents. To improve the accuracy of prediction, the
discovery of new biomarkers with higher specificity and sensitivity will
be necessary. While bearing all these limitations in mind, the present
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Fig 4. {A) Nomogram to estimate the risk of hematologic toxicities more severe
than category !} {top), category HI {middle), and category IV (bottom). Please see
Appendix Figure A4 and its legend for usage. (B) Receiver operating character-
istic {(ROC) analysis of nomogram for the prediction of category il and IV
hematologic toxicities in the modeling {gray), validation-1 (V1; blue), and
validation-2 (V2; gold) cohorts. ANC, absolute neutrophil count; BSA, body-
surface area; AUC, area under the curve,

findings may provide novel insights not only into the molecular mech-
anisms by which gemcitabine causes hematologic toxicities, but also
into new avenues for the development of new chemotherapeutic
agents with lower toxicity.
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Abstract

The underlying mechanism regulating the expression of the
cancer stem cell/tumor-initiating cell marker CD133/prom-
inin-1 in cancer cells remains largely unclear, although
knowledge of this mechanism would likely provide important
biological information regarding cancer stem cells. Here, we
found that the inhibition of mTOR signaling up-regulated
CD133 expression at both the mRNA and protein levels in a
CD133-overexpressing cancer cell line. This effect was can-
celed by a rapamycin-competitor, tacrolimus, and was not
modified by conventional cytotoxic drugs. We hypothesized
that hypoxia-inducible factor-lo. (HIF-1a), a downstream
molecule in the mTOR signaling pathway, might regulate
CD133 expression; we therefore investigated the relation
between CD133 and HIF-1o. Hypoxic conditions up-regulated
HIF-1o. expression and inversely down-regulated CD133
expression at both the mRNA and protein levels. Similarly,
the HIF-1o activator deferoxamine mesylate dose-dependently
down-regulated CD133 expression, consistent with the effects
of hypoxic conditions. Finally, the correlations between CD133
and the expressions of HIF-law and HIF-13 were examined
using clinical gastric cancer samples. A strong inverse
correlation (r = —0.68) was observed between CD133 and
HIF-1¢, but not between CD133 and HIF-103. In conclusion,
these results indicate that HIF-loo down-regulates CD133
expression and suggest that mTOR signaling is involved in the
expression of CD133 in cancer cells. Our findings provide a
novel insight into the regulatory mechanisms of CD133
expression via mTOR signaling and HIF-1la in cancer cells
and might lead to insights into the involvement of the mTOR
signal and oxygen-sensitive intracellular pathways in the
maintenance of stemness in cancer stem cells. [Cancer Res
2009;69(18):7160-4]

Introduction

The CD133/prominin-1 protein is a five-transmembrane mole-
cule expressed on the cell surface that is widely regarded as a stem
cell marker. Growing evidence indicates that CD133 can be used as
a cell marker for cancer stem cells or tumor-initiating cells in colon

Note: Supplementary data for this article are available at Cancer Research Online
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cancer, prostate cancer, pancreatic cancer, hepatocellular carcino-
ma, neural tumors, and renal cancer (1). Strict regulatory
mechanisms governing CD133 expression are thought to be deeply
related to inherent cancer stemness; however, such mechanisms
remnain largely unclear, especially in cancer cells. In brain tumors,
the Hedgehog (2), bone morphogenetic protein (3), and Notch (4)
signaling pathways have been implicated in the control of CD133+
cancer stem cell function.

Some investigators have shown a relation between hypoxia and
CD133 expression in brain tissue. The percentage of CDI133-
expressing cells was found to increase in a glioma cell line cultured
under hypoxic conditions (5), and mouse fetal cortical precursors
cultured under normoxic conditions exhibited a reduction in
CD133(hi)CD24(lo) multipotent precursors and the failure of
the remaining CD133(hi)CD24(lo) cells to generate glia (6). With
the exception of these studies in brain tissue, however, data on the
expression of CD133 and the involvement of hypoxia and other
signaling pathways in cancer cells remains limited.

Several reports have indicated that mTOR is a positive regulator
of hypoxia-inducible factor (HIF) expression and activity (7), and
the inhibition of HIF-mediated gene expression is considered to be
related to the antitumor activity of mTOR inhibitors in renal cell
carcinoma (8). We found that mTOR signaling was involved in
CD133 expression in gastric and colorectal cancer cells. Thus, we
investigated the regulatory mechanism of CD133 in cancer cells.

Materials and Methods

Reagents. 5-Fluorouracil, irinotecan (CPT-11), and rapamycin were
purchased from Sigma-Aldrich. Gemcitabine was provided by Eli Lilly.
Tacrolimus (LKT Laboratories), LY294002 and wortmannin (Cell Signaling
Technology), and deferoxamine mesylate (DFO; Sigma-Aldrich) were
purchased from the indicated companies.

Cell cultures and hypoxic conditions. All of the 28 cell lines used in
this study were maintained in RPMI 1640 (Sigma) supplemented with 10%
heat-inactivated fetal bovine serum (Life Technologies), except for LoVo
(F12; Nissui Pharmaceutical), WiDr, IM95, and HEK293 (DMEM; Nissui
Pharmaceutical), and Huvec (Humedia; Kurabo). Hypoxic conditions (0.1%
0,) were achieved using the AnaeroPouch-Anaero (Mitsubishi Gas
Chemical) with monitoring using an oxygen indicator.

Real-time reverse transcription-PCR. The methods were previously
described (9). The primers used for the real-time reverse transcription-PCR
(RT-PCR) were as follows: CD133, forward 5-AGT GGC ATC GTG CAA ACC
TG-3' and reverse 5-CTC CGA ATC CAT TCG ACG ATA GTA-3}
glyceraldehyde-3-phosphate dehydrogenase (GAPD), forward 5-GCA CCG
TCA AGG CTG AGA AC-3 and reverse 5-ATG GTG GTG AAG ACG CCA
GT-3. GAPD was used to normalize the expression levels in the subsequent
quantitative analyses.

Clinical samples. The mRNA expression levels of CD133, HIF-la, and
HIF-1p in gastric cancer specimens were obtained from previously
published microarray data (9).
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Immunoblotting. A Western blot analysis was performed as described Results
previously (10). The experiment was performed in triplicate. The following

antibodies were used: monoclonal CD133 antibody (W6B3C1; Miltenyi Biotec), Inhibition of the mTOR signal up-regulates CD133 expres-
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Figure 2. Rapamycin down-regulates HIF-1u expression and up-regulates CD133 expression at the transcriptional level. A, WiDr cells were exposed to rapamycin, the
rapamycin-competitor tacrolimus, and the phosphoinositide-3-kinase inhibitors LY294002 and wortmannin for 48 h at concentrations of 10 umol/L. The inhibition of
mTOR signaling up-regulated CD133 expression. B, rapamycin up-regulated the expression of CD133 mRNA in WiDr cells in a time-dependent and dose-dependent
manner. Columns, mean determined using real-time RT-PCR,; bars, SD. C and D, rapamycin exposure and HIF-1a expression. WiDr cells were exposed to rapamycin
with/without tacroiimus at the indicated concentration for 48 h. Rapamycin down-regulated HIF-1a expression and inversely up-regulated CD133 expression;

these effects were canceled by tacrolimus. Rel. CD133 mRNA, normalized mRNA expression levels (CD133/GAPD x 10%); Rapa., rapamycin.
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lines using real-time RT-PCR. Several gastric, colorectal, and lung
cancer cell lines such as SNUI16, IM95, HSC43, WiDr, and H69,
overexpressed CD133 (Fig. 1A4). The increased expression of CD133
protein was also confirmed in these cell lines (Fig. 1B). The mTOR
inhibitor rapamycin, but not cytotoxic drugs (5-fluorouracil, CPT-
11, and gemcitabine), increased the expression of CD133 in a dose-
dependent manner in CD133-overexpressing WiDr cells (Fig. 1C
and D). These results indicate that mTOR signaling is involved in
the expression of CD133 in cancer cells.

Rapamycin down-regulated HIF-lo expression and up-
regulated CD133 expression at the transcriptional level. To
examine the signal transduction of rapamycin-induced CD133
expression, we used the rapamycin-competitor tacrolimus and the
phosphoinositide-3-kinase inhibitors LY294002 and wortmannin,
Tacrolimus (10 pmol/L) completely canceled the up-regulation of
CD133 induced by rapamycin. The inhibition of phosphoinositide-
3-kinase by LY294002 (10 pmol/L) and wortmannin (10 umol/L)
also up-regulated CD133 expression (Fig. 24). Rapamycin up-
regulated CD133 expression at the transcriptional level in a dose-
dependent and time-dependent manner (Fig, 2B).

The inhibition of mTOR signaling is likely to lead to the down-
regulation of the expression of certain molecules because the
mTOR complex positively regulates the general translational
machinery. Under the inhibition of mTOR signaling, HIF-la,
among several downstream molecules of mTOR, can activate
transcription by acting as a repressor of specific transcription
factors such as the MYC-associated protein X homodimer (11).
Therefore, we focused on the possible role of HIF-la in the
regulation of CD133 expression. Rapamycin down-regulated HIF-
la expression but up-regulated CD133 expression (Fig. 2C).
Meanwhile, tacrolimus canceled the effect of rapamycin on the

expressions of HIF-la and CD133 (Fig. 2D). These results suggest
that the down-regulation of HIF-1a may mediate the up-regulation
of CD133 expression in cancer cells. Up-regulation of CD133
expression by rapamycin was reproducibly observed in the CD133
high-expressing cell lines, but not in CD133 low-expressing cell
lines (Supplemental Fig, §2).

Induction of HIF-1a down-regulates CD133 expression in
cancer cells. Hypoxia mediates the stabilization of HIF-1a protein
and enables its escape from rapid degradation, facilitating the up-
regulation of HIF-la expression (12). Hypoxia strongly induced
HIF-1la expression, whereas CD133 expression was down-regulated
in all three CD133-overexpressing cell lines (Fig. 34). Rapamycin
dose-dependently up-regulated CD133 expression under normoxic
conditions, but no effect was seen under hypoxic conditions, We
speculated that the effect of hypoxia on the induction of HIF-1a is
much higher than the effect of rapamycin on the down-regulation
of HIF-1a. The expression of CD133 mRNA was also strongly down-
regulated under hypoxic conditions in all three cell lines (Fig. 3B)
and in three additional cell lines (Supplemental Fig, S1).

In addition, DFO, a known HIF-la activator, induced HIF-1a
expression in a dose-dependent manner but down-regulated the
expression of CD133 at both the mRNA and protein levels in
WiDr cells (Fig. 3C and D), and in three additional cell lines
(Supplemental Fig. $2). These results were consistent with those
obtained under hypoxic conditions. Both hypoxia and DFO
exposure markedly down-regulated CDI33 expression, strongly
suggesting that induction of HIF-1a results in the down-regulation
of CD133 expression.

Inverse correlation between CD133 and HIF-1o in clinical
samples. Finally, to address whether CD133 and HIF-1a expression
are inversely correlated in clinical samples of gastric cancer

B
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Figure 3. Induction of HIF-1a down-regulates CD133 expression in cancer cells, A, three gastrointestinal cancer cell lines were exposed to rapamycin under normoxic

or hypoxic conditions for 24 h. Hypoxia induced HIF-1a expression and inversely

down-regulated CD133 expression. B, hypoxia strongly down-regulated CD133

expression at the mRNA level. Columns, mean determined using real-time RT-PCR; bars, SD. C, DFO, a known HIF-1« activator, induced HIF-1a expression and
down-regulated CD133 expression in WiDr cells. D, DFO induced these effects at both the mRNA and protein levels. Note that both hypoxia and DFO exposure had
similar effects on HIF-1« induction and CD133 down-regulation. Rel. CD133 mRNA, normalized mRNA expression levels (CD133/GAPD x 10*); Rapa., rapamycin,
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specimens, we examined the expression of these molecules using
previously published microarray data (9). The expressions of CD133
and HIF-1a were inversely correlated in gastric cancer (r = —0.68;
Fig. 44), whereas the expressions of CD133 and HIF-1§3 were not
(r = —0.05; Fig. 44). These results are consistent with the in vitro
findings in the present study.

Taken together, the present results suggest that an oxygen-
sensitive intracellular pathway involving both HIF-la and mTOR
signaling may, at least in part, regulate CD133 expression in cancer
cells (shown in the schema in Fig. 4B).

Discussion

Hypoxic conditions promote the proliferation of mammalian ES
cells more efficiently than normoxia and are thought to be required
for the maintenance of full pluripotency. Hematopoietic stem cells
are located in the bone marrow, which is a physiologically hypoxic
environment, and the survival and/or self-renewal of hematopoi-
etic stem cells is enhanced in vitro if the cells are cultured under
hypoxic conditions (13). Thus, accumulating data indicates that
oxygen levels influence specific cell fates in several developmental
processes; however, the effect of oxygen levels on cell differenti-
ation is thought to be context-dependent (14). Our data on CD133
expression in response to hypoxia were different from the previous
study shown in glioma (5). The discrepancy might be explained by
(a) a different cellular context in glioma from the others, because
CD133 expressions of all cell lines including the WiDr, IM95,
SNU16, OCUM1, 44As3, and DLD-1 cells were reproducibly down-
regulated by hypoxic condition (Supplemental Fig. S1; Fig. 3B),
whereas the U251 cells failed to exhibit the down-regulation, and by
(b) the different detection methods in our study (Western blot and
quantitative real-time RT-PCR) from the previous report (flow
cytometry for CD133-positive cells).

The detailed mechanism responsible for the repressive role of
HIF-la on CDI133 expression is not fully understood; one
possible explanation is raised by MYC, which is also known as
c-Myc. HIF-1a binds to MAX and renders MYC inactive, and
HIF-1 (homodimers of HIF-1a and HIF-1p) activates the expression
of MXI1 (MAX interactor 1), which binds to MAX and thereby
antagonizes MYC function (11). Recent reports have shown that
HIF-1o inhibits MYC activity, which is thought to have implications
for stem cell function (15, 16). Whether MYC directly activates
CD133 transcription remains unclear; our preliminary data indicate
that a MYC-inhibitor suppressed CD133 expression in WiDr cells.
Because the gene amplification of MYC and MYCN is frequently
observed in many cancers, the relations among MYC, HIF-1a, HIF-
18, HIF-2, and CD133 should be investigated in future studies.

In conclusion, we showed that the inhibition of mTOR signaling
up-regulated CD133 expression, whereas HIF-1a induction under

* Unpublished data.
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hypoxic conditions or DFO exposure down-regulated CD133
expression in gastrointestinal cancer cells. Our findings show a
novel regulatory mechanism for the expression of CD133 involving
mTOR signaling and HIF-1«, and these findings may contribute to
our understanding of the stemness character of cancer stem cells.
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THE DEVELOPMENT AND CLINICAL USE OF A BEAM ON-LINE PET SYSTEM
MOUNTED ON A ROTATING GANTRY PORT IN PROTON THERAPY
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From the * Particle Therapy Division, Research Center for Innovative Oncology, National Cancer Center, Kashiwa; Department of
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Purpose: To verify the usefulness of our developed beam ON-LINE positron emission tomography (PET) system
mounted on a rotating gantry port (BOLPs-RGp) for dose-volume delivery-guided proton therapy (DGPT).
Methods and Materials: In the proton treatment room at our facility, a BOLPs-RGp was constructed so that a pla-
nar PET apparatus could be mounted with its field of view covering the iso-center of the beam irradiation system.
Activity measurements were performed in 48 patients with tumors of the head and neck, liver, lungs, prostate, and
brain. The position and intensity of the activity were measured using the BOLPs-RGp during the 200 s immediately
after the proton irradiation.

Results: The daily measured activity images acquired by the BOLPs-RGp showed the proton irradiation volume in
cach patient. Changes in the proton-irradiated volume were indicated by differences between a reference activity
image (taken at the first treatment) and the daily activity-images. In the case of head-and-neck treatment,
the activity distribution changed in the areas where partial tumor reduction was observed. In the case of liver treat-
ment, it was observed that the washout effect in necrotic tumor cells was slower than in non-necrotic tumor cells.
Conclusions: The BOLPs-RGp was developed for the DGPT. The accuracy of proton treatment was evaluated by
measuring changes of daily measured activity. Information about the positron-emitting nuclei generated
| during proton irradiation can be used as a basis for ensuring the high accuracy of irradiation in proton

treatment. © 2010 Elsevier Inc.

Dose-volume delivery guided proton therapy (DGPT), Beam ON-LINE PET system on rotating gantry port

(BOLPs-RGp), Target nuclear fragment reaction.
INTRODUCTION

Proton therapy is a form of radiotherapy that enables the con-
centration of a dose onto a tumor by the use of a scanned or
modulated Bragg peak. Therefore, it is very important to
evaluate the proton-irradiated volume accurately.

Recently, to ensure the high accuracy of proton therapy,
imaging studies of positron-emitting nuclei that are generated
by target nuclear fragment reactions involving incident pro-
tons and nuclei from a patient’s body have been performed
(1-14). The annihilation gamma rays from the positron-
emitting nuclei were measured by a positron emission tomog-
raphy (PET) system (specifically a beam OFF-LINE PET

system using commercial PET apparatus or PET-computed
tomography [CT] apparatus postirradiation or a beam ON-
LINE PET system in a proton treatment room). The beam
OFF-LINE PET system using the commercial PET-CT appa-
ratus has the advantage of being able to easily acquire fusion
images and the ability to reconstruct three-dimensional im-
ages. However, the time required for the movement of the
patient to the PET room (10-30 min) and the resulting dete-
rioration of the statistical accuracy of the acquired data are
large disadvantages. With the beam ON-LINE PET system,
capturing a large view and the acquisition of three-dimensional
images are difficult because of geometrical problems caused
by the beam direction and the PET apparatus (7, 15, 16).
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The ability to take daily PET images with a high statistical
accuracy while the patient remains in the proton irradiation
room is a large advantage. Besides, availability of a cone
beam (CB) CT system or CT apparatus in the irradiation
room can offer the possibility of daily and in situ monitoring
of the patient’s anatomy. A prototype beam ON-LINE PET
system (BOLPs) was previously constructed for basic research
(10), and verification of the proton-irradiated volume in
a patient’s body was confirmed using a PET apparatus and
a PET-CT apparatus (beam OFF-LINE PET system) (13).

A BOLPs mounted on a rotating gantry port (BOLPs-
RGp) was constructed in our proton treatment room. Activity
measurement and PET imaging were performed in 48 pa-
tients with tumors of the head and neck, liver, lungs, prostate,
and brain during proton treatment at our facility. The position
and intensity of the activity were measured daily using the
BOLPs-RGp immediately after proton irradiation. Using
the activity measurement, we were able to confirm whether
the proton beam irradiation of the tumor was reproducibly
performed during the treatment period. Moreover, changes
in the activity distribution were observed as the volume of
the tumor changed, and these changes were related to the de-
livery dose, changes in the body shape and position of the pa-
tient, and the physiologic changes. The PET images from the
BOLPs-RGp were sufficient to provide high-quality proton
treatment.

METHODS AND MATERIALS

Design of a beam ON-LINE PET system mounted on an
RGp

Via the detection of pairs of annihilation gamma rays emitted
from the generated radioactive nuclei of a patient’s body, the
BOLPs-RGp is designed to determine the position and activity of
the positron-emitting nuclei generated in patients by proton irradia-
tion, Figure [ is a picture of the BOLPs-RGp. The BOLPs-RGp was
developed as a standardized system for use with proton therapy de-
vices. During proton therapy, the detector heads have many degrees
of freedom and the system allows remote control adaptation to each
new proton beam condition and a patient’s position. As a result, the
measurement of the activity distribution is simple.

A planar positron imaging system (Hamamatsu Photonics K. K.,
Hamamatsu, Japan) (17) was newly arranged for the BOLPs-RGp.
In comparison to the system used previously (10), the 24 detector
units mounted on each detector head were increased to 36 detector
units, and each unit was composed of 11 x 10 arrays of BGO
(Bi4Ge;0y,) crystals with a crystal size of 2 x 2 x 20 mm?>. Fur-
thermore, the 2,400 crystals were increased to 3,600 crystals. The
gap of each unit became 3.3 mm from 11.0 mm for minimizing
dead space in the detector. The field of view (FOV) became
164.8 x 167.0 mm? from 120.8 x 186.8 mm”. The maximum field
size is 185.0 x 185.0 mm? in the rotating gantry port with the
BOLPs-RGp. Therefore, the FOV can almost cover each treatment
site of the head and neck, liver, lungs, prostate, and brain for a pro-
ton treatment in our facility. However, in case of prostate, the depth
activity distribution is not measured in the entrance of the incident
proton beam. The BOLPs-RGp was mounted on and the center of
its detection area was aligned with the iso-center of the rotating
gantry in the treatment room of the proton therapy facility at our
center, A PET image reconstructed by a back-projection method

Volume 76, Number 1, 2010

Fig. 1. Setup of the BOLPs-RGp, which is mounted on the rotating
gantry port of our proton treatment room.

along the axis of the proton beam direction is always included in
the FOV of the opposing detectors together with the axis of the ro-
tating angle of the gantry system. The distance between the two
opposing detector heads of the BOLPs-RGp can be adjusted
from 30 to 100 cm. When the activity is not being measured, the
detector head is stored inside the wall of the gantry device. The
position resolution of this system is about 2 mm for the full width
at half maximum in the case of use of **Na point source. The
maximum data collection rate for the coincident detection of pair
annihilation gamma rays is about 4,000 counts/s/cm” (keps/em?).
The accuracy of the measurements of activity distribution by this
system was verified by a prototype beam ON-LINE PET system
(10). The measured data are stored using in the software’s list
mode format. The activity image is renewed every second. The
information of the on-off time points of beam irradiation is
recorded in the data, and the image can be restructured according
to this information. The PET data from the irradiation field of
each patient are managed throughout each treatment day.

The detection efficiency of the distance between the detector
heads was calibrated by using the thin-flat acrylic container filled
with '®F-solution. The calibration is used for a correction of the im-
aging uniformity and the detection sensitivity, The attenuation coef-
ficient of 511-keV gamma rays in the patient’s body was calculated
by the patient’s CT image data. They are used for a construction of
the activity imaging. The correction of the photon scattering in the
patient’s body is not considered for the activity imaging. Further-
more, the photons scattered in the patient’s body outside the FOV
are detected by the effect of the geometry of the detector head.
Therefore, the activity image is contaminated by about 10% back-
ground in this system. As the result, the position resolution of the
activity distribution will become large more than 2 mm in the clin-
ical case of a proton therapy.

Activity measurement in a patient during proton treatment
The measuremnent of activity was performed daily in 48 cases in-
volving tumors of the head and neck, liver, lungs, prostate, and brain
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using the BOLPs-RGp. The position and intensity of activity were
measured during the 200 s immediately after proton irradiation us-
ing the trigger signal of the beam-off time. The measurement was
performed using the shortest possible distance between the two op-
posing detector heads of the BOLPs-RGp for each patient. The av-
erage distance of the detector heads was 40 cm for the head and neck
and the brain, 70 cm for the liver and the lungs, and 50 cm for the
prostate. The time of 200 s after proton beam irradiation was chosen
according to the intensity of activity estimated from the results of
other studies (10, 13). The activity data obtained during proton irra-
diation were not used for PET imaging. Various types of back-
ground radiation (X-rays, gamma rays, and neutrons) occur during
proton beam irradiation, and the quality of the activity image be-
comes markedly worse in their presence (2, 10, 15, 16). Further-
more, high radiation decreases the accuracy of the detector.

Verification of activity measurement was performed in 18, 4, 15,
10, and 1 cases involving tumors of the head and neck, the liver, the
lungs, the prostate, and the brain, respectively. The typical fractional
dose is 2.5 Gy equivalents (GYE = Gy x the relative biologic effec-
tiveness: [= 1.1 = constant]) for the head and neck, 3.8 GyE for the
liver, 4.0 GyE for the lungs, 2.0 GyE for the prostate, and 2.5 GYE
for the brain in our facility. The irradiated field is typically planned
with three fields in the head and neck and two fields in other sites.
Furthermore, the typical number of irradiated field per fractional
dose is one in the head and neck, liver, and prostate, and two in
the lungs. The fractional dose was delivered over an irradiation
time of 10300 s. The proton beam irradiation was synchronized
with the organ motion caused by respiration in the liver and the
lungs.

Procedure for clinical use of activity image

A flow chart of procedure for clinical use of the BOLPs-RGp is
shown in Fig. 2. In the clinical use, the main operation is to take
an activity image every day and compare the activity image of the
first day of treatment with each activity image during the compara-
tively long period of the treatment, If the difference of both the im-
ages is confirmed by reducing of the tumor size and changing of the
body shape, then the new dose distribution is obtained from redose
calculation of the plan on a new CT image acquisition, and the first
proton treatment plan is immediately corrected to the new plan.
As a result, proton treatments of high accuracy can be offered to
the patient by keeping of the planned dose delivery.

RESULTS

Estimation of the measurement time for PET imaging

An estimation of an appropriate measurement time for
PET imaging was performed using the measured activity
data from tumors of the head and neck. The proton beam con-
ditions were as follows: an energy of 120 MeV, a spread out
of Bragg peak (SOBP) of 80-mm width, a gantry angle of
340°, a fractional dose of 2.5 GyE, and an irradiation time
of 24 s. The distance between the detector heads was 70
cm, and the detection rate of the activity was 1.5 kcps. The
left panel of Fig. 3 shows the number of detection events
per volume during the detection period after proton beam
irradiation. The statistical error (= standard deviation/mean
value) decreased as the detection time increased. The error
was 2.8% for a 200-s detection time, 3.0% for 150 s, 3.4%
for 100 s, and 4.4% for 50 s. The right panel of Fig. 3 shows
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Fig. 2. Flow diagram of the procedure for the clinical use of the
BOLPs-RGp.

PET images taken using detection times of (a) 0, (b) 50, (c)
100, and (d) 200 s.

PET images of each treatment site

Typical PET images obtained by the BOLPs-RGp are
shown for each case involving tumors of the head and
neck, the liver, the lungs, the prostate, and the brain. Figure 4
shows the calculated dose distribution and the measured ac-
tivity distribution on the first treatment day. The beam irradi-
ation parameters were shown in Table 1. The PET images
were obtained during the 200 s after proton beam irradiation.
The mean detection rates of the activity generated in the pro-
ton beam irradiated volume were 1.58, 1.39, 0.53, 1.08, and
1.85 kcps, respectively. The color line and wash normalized
to the iso-center show the dose distribution and activity dis-
tribution, respectively. By comparing and verifying between
the calculated dose distribution and the measured activity dis-
tribution, it can be confirmed visually and roughly that the
proton beam has irradiated the tumor. In cases of the liver
and the lungs, the length of beam irradiation time is adjusted
according to the stability of respiration on the treatment day
and the patient. By the effect of organ motion, the number of



