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Neuroendocrine = .- _ o Background: The efficacy of chemotherapy in patients with large cell neuroendocrine
carcinoma; SRR carcinoma of the lung (LCNEC) remains unclear.

Lung cancer; AR Methods: Patients with LCNEC who received cisplatin-based chemotherapy were
Chemotherapy; & . . identified by reviewing 567 autopsied and 2790 surgically resected lung cancer pa-
Cisplatin c tients. The clinical characteristics and objective responses to chemotherapy in these

patients were analyzed.

Results: Overall, 20 cases of LCNEC were identified, including stage |llA (n=3), stage
liB (n=6), stage IV (n=6) and postoperative recurrence (n=>5) cases. Six patients
had received prior chemotherapy, and 14 were chemo-naive patients. The patients
had received a combination of cisplatin and etoposide (n=9), cisplatin, vindesine
and mitomycin (n=6), cisplatin and vindesine (n=4), or cisplatin alone (n=1). One
patient showed complete response and nine showed partial response, yielding an
objective response rate of 50%. The response rate did not differ between patients
with the initial diagnosis of SCLC and those with the initial diagnosis of NSCLC,
however, the response rate in chemo-naive patients (64%) was significantly different
from that in previously treated patients (17%).

Conclusions: Our results suggest that the response rate of LCNEC to cisplatin-based
chemotherapy was comparable to that of SCLC.
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1. Introduction

Pulmonary neuroendocrine tumors include a spec-
trum of four clinicopathological entities classified
on the basis of the morphological and biological
features: typical carcionoid and atypical carcinoid,
which are tumors of low to intermediate grade ma-
lignancy, and large cell neuroendocrine carcinoma
(LCNEC) and small cell carcinoma (SCLC), which are
high-grade malignant tumors. Travis et al. proposed
the term LCNEC in 1991 [1], for classifying a type of
poorty differentiated high-grade carcinoma charac-
terized by a neuroendocrine appearance under light
microscopy. LCNEC exhibits more prominent cellu-
lar pleomorphism and higher mitotic activity than
the atypical carcinoid (AC), and is distinguished
from SCLC by the tumor cell size and chromatin
morphology. Although several different terminolo-
gies and classifications have been proposed previ-
ously, and even the present classification of pul-
monary neuroendocrine tumors lacks uniform def-
inition criteria, this class of tumors could become
widely accepted and included in the updated histo-
togical classification of the World Health Organiza-
tion [2].

The clinical features of LCNEC have not yet
been completely clarified. The prognosis of pa-
tients with surgically resected LCNEC is reported
to be intermediate between that of AC and SCLC
[3-5], and the same as that of resected NSCLC,
except that stage | LCNEC has a poorer progno-
sis than stage 1 non-small cell tung cancer (NSCLC)
[6]. To the best of our knowledge, however, there
are no studies that have examined the role of
chemotherapy for LCNEC and the prognosis of pa-
tients with unresectable LCNEC, even though sev-
eral reports have been published on the associa-
tion between response to chemotherapy and the
neurcendocrine differentiation of NSCLC [7--9].
The appropriate treatment of unresectable LCNEC,
therefore, remains unclear. In the present study,
we attempted to investigate the effectiveness of
chemotherapy with cisplatin-based regimens for
LCNEC in patients with unresectable and recurrent
LCNEC.

2. Materials and metho‘ds

Eighty-seven of 2790 patients with primary lung
cancer who underwent tumor resection from 1982
to 1999 at the National Cancer Center Hospital were
found to have tumors with the histological char-
acteristics of LCNEC [6]. Of these, five had re-
ceived cisplatin-based chemotherapy at the time
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of recurrence, and were enrolled as subjects of
this study. In addition, 303 of 567 patients who
were autopsied from 1983 to 1997 at the Na-
tional Cancer Center Hospital who had the fol-
lowing histological diagnoses were first selected:
SCLC (n=112), poorly differentiated adenocarci-
noma (n=99), large cell carcinoma (n=58), poorly
differentiated squamous cell carcinoma (n=29),
poorly differentiated adenosquamous carcinoma
(n=2), LCNEC (n=2), and carcinoid (n=1). Of
these, 161 had received cisplatin-based chemother-
apy were selected for a pathological review. Fi-
nally, specimens from 17 of these161 cases were
found to have histological characteristics consis-
tent with the diagnosis of LCNEC, and were se-
lected as subjects of this study. We focused on
cisplatin, because since the 1980s, cisplatin has
been the only anticancer agent with proven ef-
ficacy against both SCLC and NSCLC [10,11]; we,
therefore, considered that the effectiveness of
chemotherapy for LCNEC could be reasonably eval-
uated if cisplatin were included in the regimen.
Cases which had received adjuvant chemotherapy
without evaluable (esions were excluded from the
analysis. '

All the available paraffin-embedded tissue sec-
tions stained with hematoxylin—eosin were re-
viewed. We classified LCNEC according to the
histopathological criteria in the WHO classifica-
tion [2]. Immunohistochemical analysis was per-
formed to confirm the neuroendocrine features
of the tumors. For this purpose, formalin-fixed
paraffin sections were stained for a panel of neu-
roendocrine markers, including chromogranin A
(CGA), synaptophysin (SYN), and neural cell ad-
hesion molecule (NCAM), using standard methods.
The intensity of immunostaining for these mark-
ers was scored as follows: +, when the propor-
tion of stained tumor cells was >50%; &, when
10-50% of tumor cells were stained; and -, when
<10% of tumor cells were stained, as previously de-
scribed [6]. One case included in this study had
the typical histological features of LCNEC, but
no neuroendocrine features as determined by the
immunohistochemical analysis. For specimens ob-
tained after treatment, we routinely confirmed
that the histopathological and morphological fea-
tures showed no changes due to treatment as
compared with the pretreatment biopsy or cyto-
logic specimens. Such cases for which no pretreat-

‘ment samples were available were excluded from

the study; since it has been reported that his-
tological changes may occur after treatment in
SCLC [12], we were concerned that misdiagno-
sis might occur if the same were also true for
LCNEC.
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Fig. 1 Case no. 2, 57-year-old man. (A} The tumor cells which are large-sized, polygonal in shape and have a low
nuctear-cytoplasmic ratio, are arranged in organoid nests and trabeculae (H&E stain, x200). Positive staining for neural
cell adhesion molecule (B}, chromogranin A (C), and synaptophysin (D) (immunostain, x400).

Clinical information about the cases was ob-
tained from the medical records. The clinical dis-
ease staging was reassessed according to the lat-
est International Union Against Cancer (UICC) stag-
ing criteria [13]. The response to chemotherapy
and overall survival rate were assessed retrospec-
tively. The objective tumor response was evalu-
ated according to the WHO criteria published in
1979 (WHO, 1979) [14]. The survival time was mea-
sured from the date of start of chemotherapy with a
cisplatin-containing regimen. Survival curves were
drawn using the Kaplan—Meier method [15]. Drug
toxicity could not be assessed as the study was a
retrospective one and records were often incom-
plete.

3. Results

Overall, 22 cases were recoghized as having tumors
with histological characteristics consistent with LC-
NEC among the autopsied and surgically resected
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cases of primary lung cancer that had received
cisplatin-based chemotherapy and had evaluable
lesions; of these 17 were autopsied cases and
five were surgically resected cases. Two of the
autopsied cases were excluded, because no pre-
treatment pathological or cytological samples were
available. The typical microscopic appearance of
the tumor specimens is shown in Fig. 1A. The speci-
men sources for the prechemotherapy-diagnosis in-
cluded surgically resected specimens (n=5), biopsy
specimens (n=9), and cytology specimens (n=6).
The histological and cytological findings in the spec-
imens obtained before chemotherapy were con-
sistent with those in the specimens obtained af-
ter chemotherapy. We therefore finally enrolled 20
cases in this study. The initial pathologic diagnoses
in these patients were as follows: small cell car-
cinoma {n=10), poorly differentiated adenocarci-
noma (n=6), large cell carcinoma (n=2), undiffer-
entiated carcinoma (n=1), and poorly differenti-
ated carcinoma (n=1) (Table 1). None of the cases
had been labeled as LCNEC at the time of initial
diagnosis, probably because the concept of LCNEC
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Table 1

Characteristics- . .- -: w00
No. of pat:ents

Patient characteristics .

Sex
Male ‘
Female -

Age medlan (range) -

}Smokmg hlstory
T Yes - i
No

Performance status
1-2
2 .

Initial pathological diagnosis :
Small cell carcinoma
-Adenocarcinoma . : .-
‘Large cell carcinoma
-Others <0 . ... .

Clinical stage ‘at the start of chemotherapy‘ ot
A ’ '
B
v L S

Postoperatwe recurrence s

3
a
6

Pnor treatment
"Nong - -
Surgery

-:‘Ra'diotherapy G

- Chemiothérapy withoi

was not completely accepted at our hospital at that
time.

The results of the immunohistochemical staining
are shown in Table 2, and a typical case showing
positive staining is shown in Fig. 1B and D, Of the
20 LCNECs, 19 expressed at least one of the three
general neuroendocrine markers, namely CGA, SYN,
and NCAM. Sixteen of the 20 LCNECs exhibited pos-
itive staining for NCAM, while one showed equivo-
cal staining. Twelve of the 20 LCNECs showed posi-
tive staining for CGA. Thirteen LCNECs showed pos-
itive staining for SYN and three showed equivocal
staining. Only one case was negative for all the
three general neuroendocrine markers, however,
this case exhibited the typical histological features
of LCNEC on light micrascopy.

The clinical characteristics of the patients are
summarized in Table 1. The extremely high predom-
inance of men and smokers in this study was com-
parable to the demographic features of our LCNEC
patients treated by surgical resection [6]. Previous
chemotherapy was given in six patients: nedaplatin
in one and cyclophosphamide-based regimen in five
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‘Table 2 Stammg for neuroendocnne markers in 20
_:LCNECs e

[T SR S NS

.
12 §: e
13 + G
» e
+ " NA
. P +
+ NA
N + +
20 . S C % +

NCAM, neural cell adhesion motecule; CGA, chromogranin A;
-SYN, synaptophysin; NA, not assessed.

patients. The chemotherapy regimens used were as
follows: cisplatin (80mg/m?, day 1) and etoposide
(100mg/m?, days 1-3) (n=9), cisplatin (80 mg/m?,
day 1), vindesine (3mg/m?, days 1 and 8) and mito-
mycin (8 mg/m?, day 1) (n=6), cisplatin (80 mg/m?,
day 1) and vindesine (3 mg/m?, days 1 and 8) (n=4),
or cisplatin (100mg/m?, day 1) alone (n=1). The
median (range) number chemotherapy cycles were
2 (1—6). Of the 20 patients, one showed CR and
nine showed PR, yielding an overall response rate
of 50% (95% confidence interval, 27.2—72.8%). One
CR and four PRs were observed among the cases
treated with cisplatin and etoposide, two PRs were
found among those treated with cisplatin, vinde-
sine and mitomycin, and three PRs were found
among those treated with cisplatin and vindesine.
Seven patients showed NC, and three showed pro-
gressive disease. While the response rate did not
differ between patients with an initial diagnosis
of SCLC and those patients with an initial diag-
nosis of NSCLC, previous chemotherapy affected
the response to cisplatin: the response rate in
chemo-naive patients was 64%, whereas that in
previously treated patients was 17%. The median
progression-free survival in the 20 patients was 103
days, median survival was 239 days, 1-year sur-
vival rate was 35%, and 2-year survival rate was
15%.
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4, Discussion

In this extensive review of over 3000 lung cancer pa-
tients, we found considerable difficulty in evaluat-
ing the response of LCNEC to systemic chemother-
apy. The pathological diagnosis of LCNEC was es-
tablished in 87 (3.1%) of 2790 patients treated by
surgical resection. This low incidence of LCNEC in
surgically treated lung cancer patients is compara-
ble to that in other previously published reports:
2.4% (50/2070), 2.9% (22/766), and 3.6% (53/1530)
[16—18]. Of the 87 patients, only five who had re-
ceived cisplatin-based chemotherapy for recurrent
tumor that was evaluable for the response. While
LCNEC is difficult to diagnose prior to the start of
treatment on the basis of the findings in biopsy or
cytological specimens, the architectural neurcen-
docrine features may, more or less, be reflected
in these small samples [19,20]. We, therefore, con-
ducted a review of 567 autopsy cases of lung cancer,
and identified 15 cases of LCNEC who had received
cisplatin-based chemotherapy. We obtained a re-
sponse rate to cisplatin-based chemotherapy of 50%
in these 20 patients with LCNEC, however, the clini-
cal characteristics of patients with medically treat-
able advanced LCNEC would still remain to be clar-
ified, because autopsy is conducted only in highly
selective cases.

Travis et al. suggested that immunohistochem-
ical or electron-microscopic evidence of neuroen-
docrine features were important to diagnose LCNEC
[1]. We assessed the neuroendocrine marker ex-
pression by immunchistochemical staining for CGA,
SYN, and NCAM. Our cases included one that was
negative for all the three neuroendocrine mark-
ers examined, but showed the typical histologi-
cal features of LCNEC, which could be attributable
to technical staining problems. Immunohistochem-
ical staining for neuroendocrine tumors is gener-
ally recognized as only a supplementary diagnostic
tool. In addition, the post-surgical survival rate did
not differ between histologically diagnosed cases
of LCNEC with neuroendacrine differentiation in
marker expression as assessed by immunohisto-
chemical staining and large cell carcinoma with
neuroendocrine morphology where the neuroen-
docrine markers were negative (data not shown).
Thus, we decided to include the case with negative
staining as LCNEC on the basis of its typical neu-
roendocrine morphology.

To the best of our knowledge, only one study on
the efficacy of chemotherapy in patients with LC-
NEC has been reported previously. In the study, 13
patients with LCNEC received chemotherapy when
relapse was noted after surgical resection, and two
(20%) of 10 evaluable patients showed an objec-
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tive response. The evaluable lesion in these pa-
tients, however, was the brain in seven, liver in
two, and bone in one patient [21]. Thus, the rel-
atively low response rate in the report may be due
to the site of the evaluable lesion. In addition,
reports on the correlation between response to
chemotherapy and neuroendocrine differentiation
of NSCLC may be helpful. Graziano et al. reported
that the proportion of NSCLC positive for neuroen-
docrine markers was higher in responders than in
non-responders among 52 NSCLC patients treated
by chemotherapy, and that the result suggested a
correlation between positivity for neuroendocrine
marker expression and the likelihood of response
to chemotherapy [7]. On the other hand, others
have reported the absence of any correlation be-
tween the presence of neuroendocrine differen-
tiation and the response to chemotherapy [8,9].
The neuroendocrine differentiation in NSCLCs in the
aforementioned studies was confirmed only by im-
munchistochemical staining and not on the basis
of the morphological definition of LCNEC. There-
fore, these groups might have potentially included
heterogeneous subtypes of lung carcinoma, such as
adenocarcinoma or squamous cell carcinoma, with
components of neuroendocrine differentiation. The
conflicting conclusions of these studies may, there-
fore, reflect differences in the biological charac-
teristics of the tumors included in the analysis.
Since the definition of LCNEC is based on morpho-
logical criteria as well as positivity for neuroen-
docrine marker expression, LCNEC is may be consid-
ered to be a clinically homogeneous group. There-
fore, our study of LCNEC may endorse the for-
mer reports about the relationship between neu-
roendocrine differentiation and the sensitivity to
chemotherapy.

Objective response to chemotherapy can be
observed in only 15—30% of NSCLCs, even when
they are treated with regimens containing cis-
platin [10]. In SCLC, however, effective combina-
tion regimens yield objective response rates in the
range of 80—90% [11]. Our study showed an over-
all response rate of LCNEC of 50% to cisplatin-
based chemotherapy, and a response rate of 64% in
chemo-naive patients, which seemed to be higher
than the response rate of NSCLC to chemotherapy.
Considered together, these results suggest that the
chemosensitivity of LCNEC is intermediate between
that of NSCLC and SCLC, although we were un-
able to obtain firm evidence from this retrospec-
tive study, which included only a small cohort of
patients.

Since LCNEC is a relatively rare subtype of lung
cancer, a prospective study is difficult to perform,
and may only be possible as a multicenter study.
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For this purpose, it is an urgent task to establish
diagnostic criteria for LCNEC based on examination
of biopsy or cytologic specimens. Although the his-
tological definition of LCNEC in surgically resected
specimens proposed by Travis et al. is commonty ac-
cepted, its diagnostic reproducibility is not satisfac-
tory [22]. It is also difficult to apply the definition to
biopsy specimens, in which artifacts can easily be
produced and detailed examination may be difficult
due to insufficient specimen size. Thus, definitive
diagnostic criteria also applicable to biopsy and cy-
tologic specimens are required.

Our study did not include any cases labeled as
LCNEC at the time of initial diagnosis. One half
of the cases was originally diagnhosed as SCLC and
the other half as NSCLC, including poorly differen-
tiated adenocarcinoma and large cell carcinoma.
This was attributed to the fact that the concept
of LCNEC was not clearly defined prior to its being
proposed by Travis et al. [1]. Thus, it is possible
that patients with LCNEC were included in earlier
clinical trials for NSCLC or SCLC. If LCNEC shares
the poor prognosis of NSCLC, the reported results
of chemotherapy for NSCLC may have been worse
in studies in which cases of LCNEC were included.
Similarly, the results of clinical studies of SCLC
to study their objective response to chemotherapy
may also have been worse because of the confound-
ing effects of the inclusion of LCNECs among the
cases.

In conclusion, our results suggest that the re-
sponse rate of LCNEC to cisplatin-based chemother-
apy was comparable to that of SCLC. However,
because of the retrospective nature of this study
and the small sample size, we could not arrive at
any definitive conclusion; we, therefore, propose
to conduct a prospective study in the future aimed
at elucidating the efficacy of chemotherapy for LC-
NEC. To that end, firm diagnostic criteria for LCNEC
need to be established, even when the diagnosis
must be based only on examination of biopsy and
cytology specimens.
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Clinical proteomics requires the stable and reproducible analysis of a large number of human
samples. We report a high-throughput comprehensive protein profiling system comprising a
fully automated, on-line, two-dimensional microflow liquid chromatography/tandemn mass
spectrometiy {2-D pLC-MS/MS) system for use in clinical proteomics. A linear ion-trap mass
spectrometer (ITMS) also known as a 2-D ITMS instrwinent, which is characterized by high scan
speed, was incorporated into the pLC-MS/MS system: in order to obtain highly improved sensi-
tivity and resolution in MS/MS acquisition. This system was used to evaluate bovine serum
albumin and human 268 proteasome. Application of these high-throughput pLC conditions and
the 2-D ITMS resulted in a 10-fold increase in sensitivity in protein identification. Additionally,
peptide fragments from the 26S proteasome were identified three-fold more efficiently than by
the conventional 3-D [TMS instrument. In this study, the 2-D pLC-MS/MS system that uses lin-
ear 2-D ITMS has been applied for the plasma proteome analysis of a few samples from heaithy
individuals and lung adenocarcinoma patients. Using the 2-D and 1-D pLC-MS/MS analyses,
approximately 250 and 100 different proteins were detected, respectively, in each HSA- and IgG-
depleted sample, which corresponds to only 0.4 uL of blood plasma. Automatic operation
enabled the completion of a single run of the entire 1-D and 2-D pL.C-MS/MS analyses within
11 h. Investigation of the data extracted from the protein identification datasets of both healthy
and adenocarcinoma groups revealed that several of the group-specific proteins could be candi-
date protein disease markers expressed in the human blood plasma. Consequently, it was
demonstrated that this high-throughput pLC-MS/MS protein profiling system would be practi-
cally applicable to the discovery of protein disease markers, which is the primary objective in
clinical plasma proteome projects.
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Clinical Proteomics / Human plasma / Linear ion-trap mass spectrometry / Lung
adenocarcinoma / Plasma proteome

Correspondence: Professor Toshihide Nishimura, Professor of 1 Introduction

Clinicat Proteome Center, Tokyo Medical University, 2-6-1, Nighi-
shinjuku, Shinjuku-ku, Tokyo 163-0217, Japan

E-mail: nisimura@tokyo-med.ac.jp

Fax: +1-81-3-5321-6624

Human blood plasma is generally the most informative pro-
teome {rom a medical viewpoint, because it is the primary
clinical specimen and it also represents the largest and dee-
pest version of hwmnan proteome present in any sample [1-3}.
Almost all body cells commuicate with the plasma either
directly or through tissues/biological fluids, and many of
these cells release at least.a part of their contents into the

Abbreviations: ABC, ammoniuin bicarbonate; AID-HP, albumin-
and-lgG-depleted human plasma; 1AM, iodoacetamide; Ig, immu-
noglobulin; ITMS, ion-trap mass spectrometry; pL.C, microflow
liquid chromatography; NSI, nanoelectrospray ionization; SCX,

strong cation exchange; TCEP, tris{2-carboxyethyliphosphine;
TPX, methylpentene polymer
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plasma upon damage or death. A comprehensive, systematic
characterization of the plasma proteome in the healthy and
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diseased states will greatly facilitate the development of bio-
markers for early disease detection, clinical diagnosis, and
therapy of cancer and other diseases. However, broad char-
acterization of the human plasma proteome may pose one of
the greatest challenges. This is because it can contain low-
level proteins, which are secreted by solid tissues, as well as
other important proteins (tissue leakage proteins at pg/mL
levels) in the presence of several relatively dominant, high-
abundance proteins (particularly HSA at 35-50 mg/mL). The
dynamic range of plasma protein concentrations minimally
spans nine orders of magnitude. For clinical and diagnostic
proteomics using human plasma, it is essential to develop a
comprehensive system, which has a high resolution and a
wide dynamic range, for large-scale proteome analysis.

Recently, multi-dimensional LC-MS$/MS has been devel-
oped as a powerful tool, particularly for comprehensive
identification of highly complex proteins. This method can
achieve a resolving power that is equal to or higher than 2-DE
[4-6]. Broad protein identification techniques can detect
specific proteins present in low concentratious in 2 highly
complex protein matrix. To characterize the human plasma
proteome, Smith et al. have achieved a protein identification
dynamic range of imore than eight orders of magnitude
using 2-D LC combined with conventional ion-trap MS/M$
instrumentation [6}. This approach has resulted in the iden-
tification of >800 plasma proteins from 5 pL plasma without
the depletion of highly abundant HSA and/or immunoglo-
bulins {Ig). The multi-dimensional LC-MS/M$ techniques
reported thus far indicate the potential usefulness of broad
protein identification with high resolution and wide dynamic
range for cataloging the plasma contents. However, these
approaches require further improvement in terms of both
ease of use and industrial applicability to routine clinical use,
because their application to dlinical research requires stable
and reproducible analyses of a large number of human
samples.

The establishment of a simple, robust, and high-
throughput protein profiling system as a global platform is
extremely important from the viewpoint of clinical proteom-
ics. This is because a large number of human tissue/biolog-
ical fluid samples could then be quantitatively analyzed, in a
routine and reproducible manner, for expressed proteins.
Such a system would help discover any protein that is sig-
nificantly associated with a specific disease status. We have
constructed a technically well integrated and high-through-
put LC-MS/MS system with RP microflow LC (ul.C) and a
conventional ion-trap MS/MS equipped with a nanoelec-
trospray ionization {NSI) interface to detect lung cancer bio-
markers and to analyze apoptotic mechanisms (7, 8]. Addi-
tionally, the system has been combined with on- or offline
slrong cation-exchange (SCX) chromatography to result in a
multi-dimensional protein profiling system. This protein
profiling system using offline 2-D SCX/RP pLC-MS/MS was
successfully applied to broad protein identification of human
plasma proteins [9]. We have also established protein deple-
tion, in-solution digestion, and data-integrating/mining sys-
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tems with an automated operation for large-scale human
plasma proteome analysis,

The dynamic range and sequence coverage that resuits
from protein identification by LC-MS/MS analysis depends
on both the quality of the separation(s} applied and the MS
platform {6]. When resolution performance is not con-
sidered, the quality of the 2-D LC is substantially related to
the number of fractionation steps for the first dimension
chromatography and the analytical rumning time for the
second dimension chromatography. Since the dynamic
range of the MS platform is based on the performance of the
instrument used, the number of the MS/MS acquisition in
one run strictly depends on both the scan speed and the
analytical time required by the LC-MS/M$ analysis. Recently,
linear ion-trap MS/MS (2-D ITMS) instruments with a
higher scan speed and sensitivity than conventional 3-D
JTMS instruments have emerged as new generation instru-
ments. Therefore, we applied the new 2-D ITMS instrument
to the fully automated on-line 2-D pLC-MS/MS system
developed by us {10].

In this study, we evaluated the performance of the pLC-
MS/MS system using the 2-D ITMS instrument for extend-
ing the sensitivity, dynamic range, and coverage for conipre-
hensive protein identification. BSA and human 26S protea-
some were used as the authentic protein sample and the
protein complex sample, respectively. The system, together
with the on-line 2-D pLC-MS/MS systen1, was then applied to
proteome analysis of human plasma; HSA- and 1gG-depleted
samples were obtained from a few healthy individuals and
lung adenocarcinoma cases.

2 Materials and methods
2.1 Materials

HPLC-grade ACN, formic acid, and TFA were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan).
Milli-Q grade water (Millipore, Bedford, MA, USA) was used.
BSA, ammonium formate, ammoniwn bicarbonate (ABC),
and iodoacetamide (IAM} were purchased from Sigma {St.
Louis, MO, USA). Human 26S proteasome {PW9310) was
obtained from Affiniti Research Products (Devon, UK).
Tris[2-carboxyethyljphosphine (TCEP) was purchased from
Pierce (Rockford, 1L, USA). Sequencing grade-modified
urypsin was purchased from Promega (Madison, Wi, USA).

2.2 Preparation of the digested BSA and human 268
proteasome sampies

BSA (1nmol) was diluted with 225 pL ABC {(aq.. 100 mwm);
then, 12.5 pL TCEP (10 mur) was added {or reduction and the
solution mixture was kept at 37°C for 45min. Further,
12,5 puL TAM (50mum) was added, and the solution mixture
was alkylated in the dark at 24°C for 1h. The resulting solu-
tion was digested with trypsin {irypsin:protein = 1:50, w/w),
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and the resultant 250 ul. solulion was incubated in the dark
at 37°C for 15 h. In-solution digestion of the 26S proteasome
sample was carried out as follows: 26S proteasome sample
(50 pg) was diluted with ABC (aq., 50 mm) containing 10% v/
v ACN to a final volume of approximately 190 pL. For reduc-
tion, 2.5 yLTCEP (10 mm} was added, and the solution mix-
ture was kept at 37°C for 45 min. Subsequently, 2.5 pl. 1AM
(50 mm) was added, and the solution mixture was alkylated in
the dark at 24°C for 1h. For digestion, trypsin (2 ug) was
added to 5 pL ABC (501mwu), and 200 pL of the resulting so-
lution was incubated in the dark at 37°C for 18 h. All reac-
tions were performed in methylpentene polymer (TPX)
microtubes (Hitech Inc. Tokyo, Japan} using an Eppendorf
thenmomixer R (Brinkmann, Westbury, NY, USA} for 1.5 mL
microtubes; the resulting solution was interval-mixed (10s)
at 850rpm. The digested 26S proteasome sample {50 pl) was
diluted with 125 ul of 2%vfv ACN (aq) containing
0.005% v/v TFA (aq.} after adjusting the pH to approximately
3 with 50 pL of 1% vfv TFA (aq.); the samples (25 uL) were
then injected into the pLC-MS/MS system described in this
papet.

2.3 Sample preparation of the digested human
plasma protein mixture

The human blood plasma samples treated with heparin were
obtained from Tokyo Medical University {Tokyo, Japan) and
acquired from three, healthy, anonymous, male donors
(samples: H-N, H-1, and H-S) and two male donors who were
diagnosed with adenocarcinoma on the basis of clinical and
laboratory criteria (stage: I1IA, samples: AC88 and AC94),
after obtaining their informed consent. HSA and 1gG in the
human plasma samples (500 ul) was removed by affinily
adsorption chromatography using Bio-Rad's Affi-Gel Blue
Gel and protein A column (Bio-Rad Hercules, CA, USA),
respectively {details not shown). The final concentration of
the resulting HSA- and IgG-depleted human plasma (AID-
HP) samples were 4.1 {(H-N}, 8.6 (H-1}, 6.6 (H-S), 5.8 (AC88),
and 7.2mg/mL (AC94) in ABC (25mM). Subsequently,
100 uL of the AID-HP sample was diluted with 400 uL. ABC
{25 mu) containing 32% v/v ACN. For reduction, 25 pl.
TCEP (50 mMm) was added and the solution mixture was kept
at 37°C for 45 min. Subsequently, 25 pL. IAM (250 mM) was
added and the solution mixture was alkylated in the dark at
24°C for 1 h. For digestion, trypsin (5 jig) was added and the
resulting solution (555 pL) was incubated in the dark at 37°C
for 16h. Al these reactions were carried out using the
Eppendorf thermomixer R for 1.5 mL TPX microtubes, and
the mixing was carried out at 8501pm with periods and
intervals of 19s each. For the 1.-D uLC-MS/MS analysis, the
digested AID-HP samples (20 L) were diluted with 20 pL of
1% vfv TFA (aq.) and 160 ul with 2% v/v ACN (aq.) con-
taining 0.1% v/v TFA. in a TPX auto sampler tube; 20 ul. of
the resultant samples was injected into the system. In order
to prepare individual mixture samples of the healthy and
adenocarcinoma groups for 1-D and 2-D uLC-MS/MS analy-
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ses, 33.3 pL of each of the three AID-HP samples from the
healthy group and 50 pL of each of the two AID-HP samples
from the adenocarcinoma group were mixed with 100 pL of
1% vfv TFA (aq.), respectively; subsequently, 4 uL of the
resulling sample solutions was used in these analyses.

2.4 1-D RP and 2-D SCX/RP LC-NSI-MS/MS analyses

The 1-D and 2-D LC-MS/MS system with RP-nLC comprised
a Paradigm MS4 dual solvent delivery system (Michrom
BioResources, Aubum, CA, USA) for HPLC, an HTS PAL
auto sampler with two 10-port injector valves (CTC Analytics,
Zwingen, Switzerland), Finnigan LCQ Deca XP plus 3-D ion-
trap, and Finnigan LTQ linear ITMS (Thermo Electron, San
Jose, CA, USA) equipped with NSI sources (AMR Inc,
Tokyo, Japan). Sample injection for the 1-D and 2-D pLC-M$/
MS analyses as well as SCX separation for 2-D analysis were
automatically carried out using the HTS PAL auto sample
injection system with no change in the configurations. The
SCX separation was performed on an SCX microtrap car-
tridge (12 ym, 300 A, 8 x 1.0mm jd., Michrom) by step-
wise elution on the first injector valve. The solvent system
containing 2% vfv ACN was composed of 0.005% v/v TFA
(aq.} and 1 M ammonium fonmate (aq.} adjusted to pH 2.8
with TFA, and the elution solvents (25, 50, 100, 150, 200, and
500 mu) were prepared by mixing these. The effluent from
all the SCX fractions was flowed serially into a peptide Cap-
Trap cartridge (2.0 x 0.5 mm i.d., Michromy}, present on the
second injector valve, for concentration and desalting. After
desalting with 0.1% v/v TFA (aq.} containing 2% v/v ACN,
the sample was loaded onto a capillary RP column, MAGIC
Cis (3 pm, 2004, 50 x 0.2mm id., Michrom), for 2-D
separation. Digested samples for the 1-D RP analysis were
also injected directly into a peptide CapTrap cartridge for
concentration and desalting and then applied to RP separa-
tion. Solutions of 2% and 90% vfv ACN (aq.) were used as
the mobile phases A and B, respectively, and both contained
0.1% v/v formic acid. The gradient conditions in the clro-
matographic run were as follows: B 5% (0min) — 65%
{20min) for the digested samples of BSA and 26S protea-
some, and B 5% (0min) — 40% (70min) — 95% (80 min}
for plasma samples. Effluent solvent at 1.0-1.2 pL/min from
the HPLC was introduced into the mass spectrometer by the
NSI interface via an injector valve with a CapTrap cartridge
and the RP column. The NSI needle (FortisTip, OmniS-
eparo-TJ, Hyogo, Japan), which was connected directly to the
RP column outlet, was used as the NSI interface and the
voltage was 1.8kV, while the capillary was heated to 200°C
{11]. No sheath or auxiliary gas was used. Further, the mass
spectrometer was operated in a data-dependent acquisition
mode in which MS acquisition with a mass yange of 1t/
z 450-2000 was automatically switched to MS/MS acquisi-
tion under the automated control of the Xcalibur software.
The most intense ion of the full MS scan was selected as the
parent ion and it was subjected to MS/MS scan with an iso-
lation width of m/z 2.0; the activation amplitude parameter
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was set at 309%. For the human plasma samples, the full MS
scan was acquired followed by two successive MS/MS scans
of the two most intense precursor ions detected in the full
MS scan. The trapping time was 100 ms under the auto gain
control mode. Data was acquired using the dynamic mass-
exclusion windows that had an exclusion of 3.0-imin duration
and exclusion mass widths of --0.5 and +1.5 Da.

2.5 Database searches

All MS/MS data were investigated using the Mascot search
engine (Matrix Science, London, UK) {12] against the Swiss-
Prot database. The data acquired for BSA digests were
investigated against other mammalian subsets of the
sequences. The MS/MS data of the human 26S proteasome
and plasma samples were investigated against the Homo
sapien subsets of the sequences. The database searches
allowed for fixed modification on the cysteine residue (car-
bamidomethylation, +57 Da), variable modification on the
methionine residue {oxidation, +16 Da), peptide mass toler-
ance at +2.0 Da, and fragment mass tolerance at 2:0.8 Da.

3 Results and discussion

3.1 Evaluation of the nl.C-IMS/MS analysis using the
linear 2-D ITMS instrument

We developed the pl.C-MS/MS system with RP separation (1.
D RP), which corresponds to the second dimension separa-
tion for the on-line and offline 2-D pLC-MS/MS system
[9, 10}. This system comprises a microflow LC system with a
variable splitter, a versatile auto-sampler equipped with an

. injector valve, and a LCQ 3-D (ITMS) with an NSI stage. A
flow rate of 1.0-1.2 uL/min via the injector valve and the RP
column (0.2mm i.d.) has been adopted as a convenient and
efficient condition for routine proteome analysis with high
sensitivity and reproducibility. The detection limit for identi-
fication of proteins in protein digests was approximately a
few fimol. In order to evaluate the sensitivity of the new linear
2-D 1TMS instrument (LTQ) for protein identification, we
connected our RP rL.C system to the ITQ instead of the con-
ventional 3-D ITMS (LCQ) instrument. BSA digests (5~
500 fmol) were applied to pLC-MS/MS analysis using the
ITQ and LCQ jnstruments under identical conditions except
those used for the mass spectrometer. The base-peak chro-
matogram for BSA digests (500 fmol) is shown in Fig. 1a. A
comparison of the coverage, in terms of protein identifica-
tion, between the LCQ and LTQ instruments revealed that
25% coverage of the BSA sequence was acquired from 5 finol
of the digests using the LTQ instrument, as shown in Fig. 2.
Since the same coverage was obtained from 50 fino} of the
digests using the LCQ instrument, the results indicated that
the protein identification improved markedly as the sensi-
tivity increased 10-fold using the 1TQ instrument.
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Figure 1. Base-peak chromatograms of the digested BSA (a) and
26S proteasome (b) using 1-D RP pLC-MS/MS analysis.

A dramatic improvement is achieved in the LTQ instru-
mentin terms of the scan speed, which is higher than that of
conventional 3-D ITMS instruments. Figures 3a and 3b
show the expanded mass chromatograms with stick plotting
at m/z values 710.0-711.5 obtained by pl.C-MS/MS analysis
of BSA digests using the ITQ and LCQ instruments, respec-
tively. A stick in the peak represents a single full MS or MS/
MS scan. The range denoted by the arrow in Fig. 3 shows
that 62 events that carried out the acquisition of a full MS and
an MS/MS spectra were achieved by the LTQ instrument in
comparison with 12 events acquired by the L.CQ instrument
in 30s. When conventional LCQ instruments are used, we
usually apply three and two microscans for full MS (50 ms
trapping time) and MS/MS {200 ms) accumulations, respec-
tively, in order to obtain a better quality spectrum from a
single scan. On the other hand, both spectra for peptide se-
quencing in protein identification were effectively acquired
by one microscan of both full MS (50ms) and MS/MS
{100ms) accumulations by LTQ instrument. As a resull,
using the LTQ instrument, it is possible to obtaim an ap-
proximately five-fold higher number of MS/MS spectra in
the same analytical run time.

In general, it is necessary to acquire a greater number of
MS/MS spectra for the identification of a greater number of
protems using peptide sequencing. In studies where LC-MS/
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Figure 2. Comparison of sequence coverage of BSA digests {5~
500 fmol) by uLC-MS/MS analysis using LCQ Deca XP plus 3-D
ion-trap and Finnigan LTQ linear ion-trap MS instruments.

MS was used for comprehensive proteome analysis, several
researchers investigated various methods to data-depen-
dently amass MS/MS spectra for a single analysis. These
methods include employing a longer analytical time, tiple
and more MS/MS acquisition against a single full MS spec-
trum, multiple analyses of the same sample using common
condilions or fractionated mass range, etc. While obtaining
the MS/MS spectra, the scan speed is a mmechanical limita-
tion and a data-dependent scan misses many of the peptide
sequences for low abundance peaks that are behind large
peaks. Therefore, it is necessary to choose the applications of
these techniques for comprehensive proteome analysis of
highly complex protein mixtures such as human plasma and
whole cell lysates. The drawbacks of clinical proteomics for a
large number of human samples are the inability to conduct
multiple analyses of the same sample and the longer run-
ning time required by the comprehensive LC-MS/MS analy-
sis. Consequently, the performance of the ITQ instrument
with a higher scan speed is better than that of the conven-
tional 3-D ITMS instrument, because it enables more infor-
mative high-throughput LC-MS/MS analysis for highly
complex clinical samples. Therefore, to verify the applica-
bility of LTQ instruments, the human 26S proteasome,
which is a highly complex protein mixture consisting of
31 components, was subjected to analysis. As shown in
Fig. 1b, equivalent amounts of the digested 26S proteasome
sample were analyzed using the LCQ and L1Q instruments
under identical pL.C conditions. The data-dependent MS/MS
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Figure 3. Mass chromatograms at nvz 710.0-711.5 by pLC-MS/
MS analysis of BSA digests using Finnigan LTQ {(a) and LCQ Deca
XP plus {b} instruments. A stick in thre peak is a single full MS and
MS/MS scan of the mass spectrometer, and 62 and 12 events
{acquisition of a full MS and a MS/MS in one event) were carried
out by the LTQ and LCQ instruments, respectively.

acquisition, in which the full MS acquisition is followed by a
single MS/MS scan of the most intense precursor ion
obtained from the full MS scan, was applied with three
microscan full MS (S0 ms trapping lime) and two microscan
MS/MS (200ms) accumulations for the LCQ, and one
microscan of both full MS (SOms) and MS/MS (100 ms)
accumulations for the ETQ instruments. During the 20 min
analysis, approximately 450 and 2200 MS/MS specira were
obtained from the 1-D RP pLC-MS/MS analyses using the
LCQ and LTQ instruments, respectively. These data were
evaluated using a Mascot database search against the Swiss-
Prot database, and the search results obtained for the peptide
MS/MS assignment were filtered based on the criterion
defined as a Mascot peptide score more than 20 and ranked
first, described in detail below. Table 1 {see also Supplemen-
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Table 1. Protein identification results of human 26S proteasome.

Protein LCQ Deca XP Plus Finnigan LTQ
Score Coverage Peptide Score Coverage Peptide

26S protease regulatory subunits
PRS4 221 13 3 851 41 16
PRS6 142 9 3 757 48 16
PRS7 348 15 5 1346 55 23
PRS8 299 16 4 1304 58 20
PRSA 377 21 7 1093 53 19
PRSX 154 7 2 715 36 12
Proteasome subunit alpha types
PSA1 492 36 8 658 48 1
PSA2 261 18 4 569 56 9
PSA3 145 13 3 584 43 11
PSA4 15 9 2 459 23 7
PSA5 158 17 3 483 47 8
PSA6 559 38 8 700 48 11
PSA7 423 35 7 772 57 12
Proteasome subunit beta types
PSB1 275 34 5 596 53 10
PSB2 256 24 4 456 43 8
PSB3 235 24 3 379 35 5
PSB4 117 9 2 511 48 8
PSB5 528 42 7 67C 58 10
PSB6 200 13 3 271 24 5
PSB7 232 14 4 381 33 7
PSB8 ND ND ND 180 18 4
26S proteasome non-ATPase regulatory subunits
PSD1 227 6 3 1636 38 27
PSD2 380 10 6 1386 34 26
PSD3 690 24 10 1445 5Q 25
PSD4 74 5 1 358 22 6
PSD6 206 12 3 1001 46 18
PSD7 250 15 3 487 42 10
PSDS8 ND ND ND 228 19 5
PSDB 571 22 8 1445 59 23
PSDC 359 15 5 1147 37 20
PSDD 183 10 4 966 52 17

Total 130 Total 409

The protein identification data of 31 components consisted of human 265 proteasome including the number of the
peptide fragments assigned {Peptide) and the sequence coverage according to these peptides {Coverage). The
protein score is calculated by the addition of these peptide scores {Score) in comparison to 1-D yLC-MS/MS ana-
lysis using conventional 3-D ion-trap MS (LCQ Deca XP Plus) and new linear ion-trap MS instruments {(Finnigan
LTQ). ND, not detected.

tary Table A} shows protein identification results including
the number of peptide fragments assigned, sequence cover-
age wilh these peptides, and the protein scove calculated by
addition of these peptide scores with respect to the 31 com-
ponents of the 26S proteasome. In the case of the LTQ
instrument, 409 peptide fragments were assigned as compo-
nents of the 263 proteasome. and this number was approxi-
mately three-fold higher than that obtained when the L.CQ
instrument was used (130 peptide fragments). The individu-
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al components of the 26S proteasome were identified by 13.2
and 4.5 peptide fragments, 43.0% and 18.1% sequence cov-
erage, and 821.9 and 292.4 protein scores on an average,
using the LTQ and LCQ instrumenits, respectively. Twenty-
nine proteins in 31 componenis were identified even by the
LCQ instrumients using our RP pLC system with high-reso-
lution power, as shown in Fig. 1b. However, the peptide
fragments of the remaining two components were not
observed from the filtered database search results. A number
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of peptide fragments belonging to the 26S proteasome
{>700 peptides and >60% coverage on an average} were
detected by an on-line 2-D SCX/RP nLC-MS/MS experiment
with the same amount of digests using the LCQ instrument
[10]. These results may simply indicate the difference in the
scan speed for the limited. short analytical ime between the
LCQ and LTQ instruments and not a difference in the sensi-
tivity. Accordingly, LC-MS/MS analysis using ITQ has a
three-fold higher efficiency in identification in comparison
with a conventional LCQ. This indicates that the 1TQ has a
superior protein identfication capability. Thus, the intro-
duction of ITQ into our nLC-MS/MS system resulted in a
highly improved performance, in terms of both sensitivity
and protein identification efficiency, for highly complex
mixtures.

3.2 Human plasma proteome analysis

The usefulness and applicability of our automated protein
profiling system coupled with LTQ for clinical proteomics
have been examined by analyzing human plasima samples.
In the course of clinical plasma proteome studies, we inves-
tigated two types of human plasma - one from healthy donors
and the other from donors with lung adenocarcinoma. All
plasma samples obtained from the three healthy (H-N, H-I,

A: Adenocarcinoma plasma mixture sample

Q

Relative Abundance (NL: 270€7)

Proteomics 2005, 5, 1150-1159

and H-S) and two adenocarcinoma {AC88 and AC94) cases
were digested in a solution with trypsin after removing their
HSA and IgG contents. The resultant peptide mixtures were
diluted for the pLC-MS/MS analysis. Further, equivalent
mixture samples from the three healthy donors (H-NIS; H-
N:H-I:H-§, 1:1:1 in volume) and the two adenocarcinoma
donors (AC8894; AC88:AC94, 1:1 in volume) were also pre-
pared as average samples for each case. The individual and
mixture samples (total seven samples) were analyzed by 1-D
RP pLC-MS/MS analysis under analytical conditions for
90min. The ITQ MS data was acquired by the double MS/
MS method, in which the full MS acquisition is followed by
two MS/MS scans of the two mwost intense precursor ions
from the full MS scan. This is done to imprave the protein
identification results by the database search. Additionally,
out established on-line 2-D SCX/RP pLC-MS/MS system
using LTQ instead of the conventional LCQ instrument was
also used to analyze the mixture samples (H-NIS and
AC8894) along with an additional 1-D RP analysis. In the 2-D
plLC-MS/MS analysis, six SCX separation runs were auto-
matically carried out and analyzed by the RP puLC-MS/MS
analysis under the same analytical conditions as described
earlier. The total operation time for both 1-D and 2-D plC-
MS/MS analyses of a sample was within 11 h [10]. Figure 4
shows the base-peak chromatograms from 1-D (g) and 2.D

B: Healthy piasma mixture sample
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Figure 4. Base-peak chromatograms of the digested human plasma samples using 2-D SCX/RP (a~f} and 1-D RP gLC-MS/MS analyses (g).
A, mixture of plasma digests of the healthy group; B, mixture of plasma digests of the adenocarcinoma group; a, 25 mm; b, 56 mm; ¢,100 miv;
d, 150 mn; e, 200 mw; f, 500 mim salt concentration SCX fractions for 2-D pLC-MS/MS analysis.
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HLC-MS/MS analyses (a-f) of approximately 2 ug AID-HP
tryptic digests corresponding to 0.4 pL original blood plasma
sample. The 1-D RP yl.C-MS/MS analysis provided approxi-
mately 10000 MS/MS spectra for each sample, and the re-
sultant data were evaluated using a Mascot database search
against H. sapien subsets of the sequences in the Swiss-Prot
database.

In order to achieve statistical confidence levels in identi-
fication of proteins from highly complex mixture samples,
we investigated the thresholds as filters to extract data for the
Mascot peptide score. We used the datasets, obtained from
the 1.-D pLC-MS/MS analysis with LTQ, of the digested
26S proteasome sample within our search tolerances. Since
it is possible to identify several proteins from a single MS/
MS spectrum based on the hit sequence varieties, the most
significant peptide sequence that was ranked first (marked
with bold red in the Mascot search results), which had the
highest score among the hit varieties, was extracted from the
entire datasets to prevent erroneous identifications and
redundancy. The resulting peptide assignments were sorted
according to their Mascot peptide score and intergraded into
protein identification. Figure 5 (see also Supplementary
Table A) shows the relationship between the peptide score
ranges and either the number of peptide fragments assigned
as 26S proteasome or other proteins identified erroneously.
Although peptides with a score less than 50 were assigned to
both the 26S proteasome and to the other proteins, all pep-
tide fragments with a score of more than 50 were confidently
identified as belonging to the 26S proteasome. For thresh-
olds of peptide scores higher than 20, 30, and 40, the statis-
tical identification confidence levels of the Mascot database

100+
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Figure 5. Mascot database search results of 1-D pLC-MS/MS
analysis of the digested 26S proteasome. See also Supplemen-
tary Table A,
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search results were 70%, 90%, and 97%, respectively.
Accordingly, we tentatively set peptide scores more than 30
and ranked first as the criterion for a broad protein identifi-
cation index in order to integrate the datasets of the uLC-MS/
MS analysis of plasma samples. Furthermore, to extract
plasma proteins with a higher confidence level, we finally
tried to apply the Swiss-Prot dataset {667 proteins} in a non-
redundant list of 1175 distinct proteins that Anderson et al.
have recently developed by combining four separate sources
of human plasma proteome [3, 13-16].

The Mascot database search results on plasma proteome
analysis yielded data extracted under the thresholds of pep-
tide scores higher than 30 and ranked first; an average of
108 proteins were detected from each 1-D pLC-MS/MS ana-
lysis. From the 2-D pLC-MS/MS analysis of the mixture
sample of two groups, an average of 249proleins was
assigned as plasma proteome candidates. (Supplementary
Table B). Additionally, entire datasets of these Mascot search
results were integrated and processed with the data extrac-
tion. The results indicated that a total of 506 different pro-
teins were listed, and 180 proteins were detected as common
proteins from both groups (Fig. 6. in parentheses). Further-
more, plasma proteins with a high confidence level were
extracted from these datasets using the Swiss-Prot dataset of
the 667 plasma proteins reported. Figure 6 shows the dia-
grammatic representation of proteins found in the two
groups comprising healthy individuals and adenocarcinoma
patients, and the numbers are concordant with the proteins
annotated as plasma proteins in 667 Swiss-Prot datasets. The
results indicated that 84 and 85 proteins were extracted from
the healthy and adenocarcinoma groups, respectively, and
69proteins were common. In addition, 16 proteins were

Healthy group Adenocarcinoma group

16 (127)

100 (506)

Figure 6. Diagrammatic representation of the proteins detected
in the groups of healthy individuals and adenocarcinoma
patients by 1-D and 2-D uLC-MS/MS analyses of their plasma
samples. Numbers that belong to the peptide score thresholds
higher than 30 served as the criteria for protein extraction
{expressed in parentheses), and the numbers are concordant
with the plasma proteins reported in the 667 Swiss-Prot datasets.
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Table 2. Selected specific protein list of the healthy and lung adenocarcinoma groups in human blood plasma.

Accession Protein name

Adenocarcinoma plasma samples

Healthy plasma samples

No. 2-D 1-D pLC-MS/MS analysis 20 1-D pLC-MS/MS analysis
analysis analysis
AC8894 AC88 AC%4 AC8894-1 AC8894-2 H-NIS H-N  HA H-S  H-NIS-1 H-NiS-2
P02649 Apalipeprotein £ A [% A A A C
Q14624  Inter-alpha-trypsin inhibitor A c B C C c C C C
heavy chain H4
P04196 Histidine-rich glycoprotein A
P0g748 Coagulation factor Xi B
P00488  Coagulation factor Xiil A chain B C
PQ2570 Actin, cytoplasmic 1 C A A ¢ C
P27163 Serum paraoxonasefary- A
lesterase 1
P29312 14-3-3 protein zeta/delta A
P54108 Cysteine-rich secretory c B
protein-3
01410 Apslipoprotein L1 B
P02751 Fibronectin B
P06396 Gelsalin, plasma B

Two adenocarcinoma plasma samples (AC88 and AC94) and three healthy plasma samples {H-N, H-l, and H-S) were analyzed by 1-D pLC-
MS/MS analysis. The mixture samples separated into both groups {(AC8894 ang H-NIS) were analyzed twice by 1-D and once by 2-D puLC-
MS/MS analysis (2-D analysis). A-C indicated the presence of peptide fragmentis) assigned to the listed protein. A, mascot peptide score
higher than 50; B, score 40 to 50; C, score 20 to 40. See alsc Supplementary Table B.

detected as specific significant proteins of the adenocarci-
noma group, and 15 proteins were not detected in the ade-
nocarcinoma group. Table2 (see also Supplementary
Table B} shows a list of the specific proteins assigned by
peptide fragment(s) with scores higher than 40. These spe-
cific proteins detected from only one group might be candi-
date biomarkers of lung adenocarcinoma in human blood
plasma. However, further statistical verification of our resultg
through data accumulation of more disease plasma samples
and the investigation concerning the reproducibility of pro-
tein identfications for each sample are necessary. Addition-
ally, validation of these protein identifications by several bio-
chemical approaches would be required. ln the present
study, we could indicate that several significant protein can-
didates in the plasma proteome are possibly associated with
the pathological differences in Jung adenocarcinoma. Func-
tions of specific proteins and their correlations with adeno-
carcinoma along with the other proteins are not listed in this
paper and will be reported elsewhere. These experimental
achievements suggest that owr automated 1-D and 2-D pl.C-
MS/MS protein profiling systemns, in which the LTQ was
incorporated, are powerful in identifying low-abundance
proteins of great clinical importance, because these mole-
cules directly report the occurrence and progress of various
diseases.
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4 Concluding remarks

In the course of the Human Plasma Organization Plasma
Proteome Project, several research groups have prepared
contrast reference specimens of human plasma using var-

ious technology platforms [17]. It is extremely important to

catalog the plasima proteome as a protein database for clinical
plasma proteomics. Applied technology platforms are very
powerful, particularly for comprehensive broad protein
identification of highly complex samples such as blood
plasma. However, it seems difficult to stably and repro-
ducibly apply these to routine clinical investigations that
require a large number of proteome analysis runs for a large
number of human samples. We have recently established a
fully automated, high-throughput 2-D SCX/RP pL.C-MS/MS
protein profiling system, which can perform large-scale

-analysis in clinical proteomics [10]. In this study, the LTQ,

which is superior to a conventional 3-D TTMS instrument in
sensitivity and scan speed, was utilized in our high-through-
put system, and it was evaluated by analyzing BSA and hu-
man 26S proteasome, Furthermore, the system was applied
Lo plasma proteome analysis in a few cases of both healthy
individuals and lung adenocarcinoma patients. The results
confirmed that a 10-fold increase in terms of sensitivity was
achieved in our system using the [TQ instrument for protein
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identification. Further, in comparison with the conventional
3-D ITMS instraument, a three-fold higher number of peptide
fragments was identified as belonging to the 26S protea-
some, indicating significant improvement in resolution for
the analytical time point. Additionally, approximately 250
and 100different proteins were detected, based on the
investigation criterion for a 90% confidence level of protein
identification, from only 0.4 uL human plasina using 2-D
and 1.-D pLC-MS/MS analyses, respectively. The entire
operation was auwtomatically carried out within 111 for both
single 1-D and 2-D uLC-MS/MS analyses. From the protein
identification datasets of both heaithy and adenocarcinoma
plasma samples, several disease-specific proteins were found
in the human plasma based on the plasma proteome data-
base reported earlier. Consequently, it was demonstrated that
our HLC-MS/MS protein profiling system is feasible for
large-scale analyses such as clinical plasma proteomics
studies. Although plasma proteome analysis for clinical
application still remains a great challenge due to the wide
dynamic range of protein abundance, we shall continue fur-
ther technological development of the large-scale proteome
analysis based on the high-throughput pLC-MS/MS system
reported in this paper. Such high-throughput and large-scale
analysis of human plasma would lead to the discovery of new
disease-associated protein markers with high sensitivity and
high specificity in early disease detection and diagnosis, and
this would revolutionize current therapeutics.

The authors gratefidlly acknowledge the technical assistance of
Ms. Hisae Anygji and Noriko Araki of Medical Proteoscope, Co.
Inc., and medical doctors of the Department of Surgery, Tokyo
Medical University, as well as the encouragement and support of
AMR inc., Tokyo, fapan. We are also deeply indebted rto
Drs. Hiroshi Matsumoto and Masayuki Kubota of Thermo Elec-
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Development of a Novel Computer-Aided Diagnosis
System for Automatic Discrimination of Malignant From
Benign Solitary Pulmonary Nodules on Thin-Section
Dynamic Computed Tomography

Kiyoshi Mori, MD,* Noboru Niki, PhD,} Teturo Kondo, MD,* Yukari Kamiyama, MD,*
Teturo Kodama, MD,* Yoshiki Kawada, PhD,} and Noriyuki Moriyama, MD}

Objectives: As an application of the computer-aided diagnosis of
solitary pulmonary nodules (SPNs), 3-dimensional contrast-
enhanced (CE) dynamic helical computed tomography (HCT) was
performed to evaluate temporal changes in the internal structure of
nodules to differentiate between benign nodules (BNs) and malignant
nodules (MNs).

Methods: There were 62 SPNs (35 MNs and 27 BNs) included in
this study. Scanning (2-mm collimation) was performed before and 2
and 4 minutes after CE dynamic HCT. The CT data were sent to
a computer, and the pixels inside the nodule were characterized in
terms of 3 parameters (attenuation, shape index, and curvedness
value).

Results: Based on the CT data at 4 (MN: 1.81-27.1, BN: —42.8 to
—3.29) minutes after CE-dynamic HCT, a score of 0 or higher can be
assumed to indicate an MN.

Conclusions: Three-dimensional computer-aided diagnosis of the
internal structure of SPNs using CE dynamic HCT was found to be
effective for differentiating between BNs and MNs.

Key Words: coin lesion, pulmonary, computer-aided design, lung
neoplasms, radiographic image enhancement, tomography, x-ray
computed

(/ Comput Assist Tomogr 2005;29:215-222)

he morphologic imaging diagnosis of solitary pulmonary
nodules (SPNs) has been performed based on qualitative
findings, mainly in computed tomography (CT) images,
identified by diagnosticians when evaluating the character-
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istics of the nodule’s margins, internal structure, and relations
to surrounding structures.'= The interpretation of these findings
tends to differ, however, depending on the person performing
the diagnosis, and diagnostic standards for differentiating
between benign nodules (BNs) and malignant nodules (MNs)
have yet to be established. The quantitative diagnosis of such
lesions has been attempted based on the measurement of
attenuation in the nodule. Attenuation has been used for the
objective assessment of the internal structure of nodules and for
the differential diagnosis of BNs and MNs.* There have also
been reports on the use of contrast medium to evaluate changes
in attenuvation in nodules over time to differentiate between BNs
and MNs.>® In these studies, however, the attenuation in the
nodules was measured in only a few slices. Moreover, because
the region of interest (ROI) within the lesion was specified
manually, the attenuation obtained showed a large degree of
variation in different slices.

The use of helical scanning has facilitated the acquisition
of volume data for the entire lesion, making it possible to
analyze these image data using a computer.”'! In the present
study, images of the entire lesion were obtained using contrast-
enhanced (CE) dynamic helical computed tomography (HCT),
and the changes in the density of the lesion over time were
calculated with a computer and quantified in a 3-dimensional
(3D) perspective for the differential diagnosis of BNs and
MNs.

SUBJECTS AND METHODS

CT Imaging Conditions

Computed tomography images were obtained using an
Kpress/SX system (Toshiba Corporation, Tokyo, Japan). The
scanning parameters were a patient couch-top movement
speed of 2 mm/s, a beam width of 2 mm, a tube voltage of
120 kV, a tube current of 200 mA, 1-second scanning, and an
ROI of 200 mm. A total of 100 mL nonionic contrast medium
(lopamiron 300 Syringe; Nihon Schering, Tokyo, Japan) was
injected at a rate of 2 mL/s using an autoinjector through
a peripheral forearm vein. With the patient placed in the supine
position and receiving supplemental oxygen via a nasal
cannula (2 L/min), helical scanning covering the entire lesion
(40-50 mm) was performed 3 times during breath-holding
(before enhancement and 2 and 4 minutes after the start of
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contrast injection). Iinages were reconstructed at 1-mm inter-
vals using a 180° algorithin.

fvaluation of CT Images
CT Image Processing .

The tumor lesion was extracted from the thin-section CT
images and then reconstructed to obtain a 3D CT image of the
tumor.® The density was then calculated by characterizing the
pixels inside the extracted nodule in terms of 3 parameters
(attenuation, shape index, and curvedness value). Based on the
calculated density values within each nodule before enhance-
ment and 2 and 4 minutes after the start of injection, a linear
discriminant function score was obtained for cach time point.

Extraction of Lesions

After the reconstruction of 3D images from the thin-
section CT images, ROIs containing the nodules were
extracted from these images (Fig. 1). Using a deformable
surface model, the nodules were then extracted from these
ROIs.*>'? In some cases, the nodules were located adjacent to
the pleura. In such cases, preprocessing was required for
extracting the region of the lung fields to separate the pleura
from the nodules.'® The segmentation of the nodule was based
on a thresholding technique and selection of object connected
components. In the present study, a method based on the
deformable surface model proposed by Caselles et al'? was
used for extracting nodular regions with vavious density
distributions.® This approach is based on deforming 3D sur-
faces, represented by level sets, toward the nodule boundary to
be extracted in the 3D images. It automatically handles the
changes in the surface topology during deformation. In this
method, the nodular region is extracted by placing the initial
curved surface within the nodule and then transforming the
surface to conform to the margins of the nodule using a
formula for the curved surface.!” In this way, excessive
overflow of blood vessels and bronchi relative to the curved
surface can be prevented by adjusting the end points for curved
surface transformation.'®

FIGURE 1. Extraction of a pulmonary
nodule (case 8).

216

Display and Assessment of Characteristic Values
Within the Lesion

The pixels in the RO, including the nodule, were
expressed locally using a combination of 3 parameters: the
attenuation, shape index, and curvedness value (Figs. 2, 3).1314

The shape index and curvedness value are defined by the
3D curvature of the curved surface. The shape index ranges
from 0 to 1. As the shape index approaches 0, the surface
becomes increasingly convex {peak surface), and as the shape
index approaches 1, the surface becomes more concave (pit
surface). Thus, subtle curved surface structures can be ex-
pressed in numeric form. The curvedness value reflects the de-
gree of curvature and ranges from 0 to 1. As the curvedness
valne approaches 0, the surface becomes flatter with less
curvature. The concepts of the shape index and curvedness
value can be easily understood when these 2 parameters are
used for the curved surface of the tumor margins (boundary
structures between the periphery of the nodule and the
surrounding lung). These parameters, the shape index and
curvedness value, obtained from the 3D curvature represent
the concavoconvex structure of the curved surface and the
degree of curvature of the curved surface, which are both
determined from the relations between the target pixels and
their adjacent pixels. These parameters can be regarded as
indices of the uneven distribution of attenuation within the
nodule. The histograms of the shape index, curvedness value,
and attenuation within the nodule are obtained, and the scale of
each histogram serves as a histogram characteristic vatue.'
The Fisher linear discriminant classifier is commonly used in
pattern classification and is an optimal classifier when the sam-
ple distributions are multivariate normal with equal covariance
matrices.'® The linear discriminant classifier was designed by
using the histogram features. A leave-one-out procedure was
performed to provide a less biased estimation of the per-
formance of the linear discriminant classifier.'® In this proce-
dure, 1 nodule image is left out from the classifier design
group and a linear discriminant function is formulated using
the design group. The discriminant score is computed for the
case that is left out by using the linear discriminant function
obtained. This process cycles through the data set until every
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SPN Discrimination System
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FIGURE 2. A, Characteristic values for a benign nodule (BN;
case 37). B, Shape spectra showing a combination of the shape
index and curvedness value 4 minutes after contrast enhance-
ment. The z axis shows frequency. Most pixels inside a BN have
a shape index close to 0 and a low curvedness value. This
indicates that pixels inside a BN are mainly of the peak surface
type with a smoothly curved surface.

nodule image is used. The overall evaluation time was
approximately 4 minutes, including selection of the ROI from
the CT images, extraction of the nodule, characterization of the
pixels inside the nodule, and calculation of the linear
discriminant function scores.

In the present study, each linear discriminant function
score was computed from the shape index, curvedness value,
and attenuation at each time point: before contrast enhance-
ment and 2 and 4 minutes after the start of enhancement. The
malignancy of SPNs was then retrospectively analyzed based
on the scores obtained.

In addition, receiver operating characteristic curves were
used to evaluate the effectiveness of the linear discriminant

© 2005 Lippincott Williams & Wilkins
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score in differentiating between BNs and MNs. Statistical

" significance was assessed using the unpaired Student ¢ test.

Subjects

The subjects in this study were 72 consecutive patients
who had undergone chest CT for the detailed examination of
SPNs at our department from February 1998 to April 2000.
They had only 1 target nodule by CT. Ten patients were not
included in the assessment in this study, because CT images of
the entire lesion could not be obtained over time (before
contrast enhancement and 2 and 4 minutes after contrast
enhancement) in these patients because of patient respiratory
motion. The remaining 62 patients were evaluated. The mean
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FIGURE 3. A, Characteristic values for a malignant nodule (MN;
case 8). B, Shape spectra showing a combination of the shape
index and curvedness value 4 minutes after contrast enhance-
ment. Compared with a benign nodule (BN), pixels inside an
MN show a wide distribution of shape index values, ranging
from 0 to'1, and a high curvedness value. This indicates that
pixels inside an MN tend to have pixels other than the peak
surface type compared with a BN.

217



