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Tahble 3
The number of training sets and test sets
(A)

Training Test
Non HCC 43 1
HCC 41 13
(B)

Training Test
Well 16 B
Moderate o 7
€}

Training Tent
AFP= 10{ng/ml) 20 4
AFP> W{ng/ml) 4 1]

(A} HCC, (B) histological grade, (C) AFP level,

a vanable to class discrimination. Thus. we can eliminate immelevant variables without
any threshold. The R package used for stochastic gradient boosting. gbm, is available at
htrp:/fcranr-projectorg.

3. Results and discussions
3.1. Proteomic profiling of non HCC and HCC tissues using 2D-DIGE

Labeled protein samples were separated on 2-DE, and fluorescence
images were obtained. In parallel to the analytical gels, samples
prepared from non HCC and HCC tissues were separately run on the
preparative gels for protein identification. The proteins were visua-
lized with SYPRO Ruby, and images were directly matched to CyDye
images of analytical gels. Since 184 spots (125 proteins) consistently
expressed in at least 70% of the all gels, we identified them as the
proteins with consolidated expression intensities. Note that histolo-
gical grade of moderatefwell and high/low AFP level gels are derived
from HCC samples only. Although we detected thousands spots on 2D
gels. most of them are remained as unidentified. To enable us to
interpret biclogically, we analyzed identified spots only.

As mentioned in section 2.2, since the non HCC sample was labeled
with Cy3 (or Cy5) dye, and the HCC sample was labeled with Cy5 (or
Cy3) dye, we obtained three gels from one tissue sample. The numbers
of HCC and non HCC gels, histological grade of moderatefwell ones
and high/low AFP ones are shown in Table 2.

Fig 3 lllustration of overall procedure for perfarmance evaluation for HOCinan HCC classification. In hi

procedure is employed.

3.2 Detection of proteins associated with HCC, histological grode and
AFP level

To detect of the proteins associated with HCC, histological grade
and AFP level, we performed supervised feature selection as described
in section 2.10, To validate discriminative ability of selected spots, we
randomly divided all gels to training sets and test sets. The number of
training sets and test sets are summarized in Table 3. Since the
number of HCC and non HCC gels was large, the rate of training sets
and test sets was fixed about 4:1. On the other hand, since the number
of images used to histological grade and AFP level was relatively small,
the rate of training sets and test sets was set about 3:1 in cell
differentiation and AFP level. We employed training sets for feature
selection and constructing the predictive model. To detect spots asso-
ciated with histological grade and AFP level, we used only HCC
samples. The overall procedure Is illustrated in Fig. 3. According to the
previous study |21], we employed the parameters f, and M of SGB as
0.9, 0.01 and 1000, respectively. Table 4 show the selected spots
associated with HCC, histological grade of moderate/well and AFP
level. Other annotation data for these spots in Table S1 (Supplemen-
tary material). The number of selected spots associated with HCC,
histological grade and AFP level is 18, 25 and 27, respectively. Aithough
there are spots whose ratios are close to one, they are informative
spots, because SGB is able to detect them as discriminative spots
unlike statistical test for univariate, e.g, f-test. The positions of se-
lected spots in the preparative 2D gel are shown in Fig. 4.

1.3, Evaluation of classificarion performance

We evaluated the classification performance by the selected spots
on the basis of test sets according to the procedure illustrated in Fig. 3.
This evaluation procedure is reasonable in terms of supervised
prediction as discussed by Dupuy and Simon [27]. The performance
was evaluated based on accuracy. Accuracy is defined as follows.

number of correctly predicted pl
number of all samples

accuracy =

We constructed the predictive models using selected spots and
training sets and applied to test sets as shown in Fig. 3. Table 5 shows
the classification performance of SGB for HCCfnon HCC, histological
grade of moderatefwell and high AFP (AFP > 10{ ng/ml))/low AFP (AFP<
10({ng/ml}) level. From Table 5, SGB is able to classify both training sets

Select the important spots between HCC and
non HCC lor lissue classification using SGB

Learning classification model using selected spots
with stochastic gradient boosting

Performance evaluation of classification model
using lesl samples

1l grade and high/low AFP level, the same

al grade of )

176 =



R etal / ica et u Acto 1784 {2008) T64-772 769
Table 4 Tahle 4
Selected spots by SGB (C) AFP level
{A) HCC ID SGBvariable Deryder Protein name
D SGB variable Decyder Protein name Woporance o il
importance Natich pryvakie [i-test)
(r-test) 1414 14418 081 om Acetyl-Coenzyme A acetyltransferase |
1977 3066595 036 <IDE-17 Carbomi anhydrase 2 2082 14242 079 000028 Es) protein isoform 1a
560 2066868 217  220E-13 Heat shock protein 90 kDa alpha 1219 12098 063 00083  Enolasel
789 2352533 184 2208-16  Annexin AB 2000 L1381 126 062 Enoyl-coenzyme A hydratase 1
1699 8.47421 698 <LOE-17  Aldo-keto reductase family 1, member B10 1376, 06 061 000038  Actin, beta
366 307334 176 <l0E-17 Heat shock 70 kDa protein 4 2347 0953 135 0001  Hemoglobin, beta
718 187712 212 570E-09 Heat shack 70 kDa protein 5 264 o1 278 DN Hemiogonki oo
2012 071447 055 <10E-17 Enoyl Coenzyme A hydratase, short chain,1 1724 01273 15 036 Sulfotransferase family, cytosolic. 24,
564 037075 137 00003 Transfernin P preferming.
1007 015218 161 3I0E-07 Protein disulfide isomerase-associated 3
1556 012636 067 670E-10 Aldo-keto reductase 1A1 1383 00346 L5 0034 Aminoacylise 1
783 011134 %] 140E-12  Heat shack 70 kba protein & 2423 00842 0gs 02 o-dopachrome tautomerase
1331 005304 047 270E-131 Argininosuccinale synthetase 1145 00647 035 0052  ATPsynthase, Hs transpocting,
1312 005231 046 190E-09 Argininosuccinate synthetase Toochoodrial Hicompher,
146 005206 216 <lOE-17 Vimentin De poRmepece
1562 004124 052 2606-11 Fructose-16-bisphosphatase | 1889 Q281 uz o4 Ketohexokinase
751 003851 179 360E-15 Heat shock 70 kDa protein 98 s nom) 33 0ss family, cy A
2412 000211 054  100E-11 Human farty acid binding protein FABP :‘;;?’;r""‘“"'!’:m b
444 000001 157  S206-06 Alpha glucosidase 2 T e wms © "f‘r"j ",‘ "*"“"" i
mitochondrial
(8) Rizojapics] wride 1551 00028 s 07 Arginase 1
1] SGB variable Decyder Protein name 2039 0.0003 w3l 015 Rha GDP disseciation inhibitor alpha
IMpOrtance  patio® * Ratio represents the average spot valume ratio of HCC/non HOC
(r-test) * Ratio represents the average spot volume ratio of moderatejwell
1129 499428 18 006 Keratin 8 € Ratio represents the average spot valume ratio of high AFPflaw AFF.
1699 278444 043  200E-06 Aldo-keto reducase family 1. member B10
;l‘; :1_:;" ‘;—;“ g-:::ﬂ o-mm;aumrm and test sets overall. For HCC and histological grade, SGB performs
W6 AKDCS 078 0061 c"‘,'“'“""“”w' 1 very well. For AFP, the accuracy of test sets is 71.4%, Although the
2082 39313 077 00012 Esi protein isoform 1a performance of SGB depends on data sets, present results suggest that
1044 2359 061 0068 Aldehyde dehydrogenase 1 family, the spots selected by SGB are discriminative. From Table 4 (A)-{C),
g'rm’_ufl‘ B = one can see that variable importance does not always correspond to
2939 :’gx &:; :-x: T L e p-value of t-test. This difference originates from that variable im-
1635 11069 049  100E-05 Aldo-keto reducise 1810 portance simultaneously incorporates multiple spots to classify the
2015 06014 09 055 Heat shock 27 kDa protein 1 groups as described in Section 2.10, while (-test only incorporates
1036 0.4462 063 0025 Aldehyde dehydrogenase 1 family, average of each spots. Accordingly, one can detect the informative
member A} spots that contribute to sample classification through SGB. These
::f: :_;g g;: 3?105‘ l&nﬁmn :;“si\'mk:dpmms S8 kDa discussions explain that SGB worked well for AFP in spite of the
1027 00579 067 0021  aldehyde dehydrogenase 1A1 average spot value ratio of almost one.
1054 00558 071 005 Glutamate dehydrogenase | To visualize the degree of discrimination for each data set by the
2159 00462 069 000038 Abhydrolase domain conLaining 148 selected spats, we show the scatter plots by two spats for each class in
97’;: gﬂ:‘:" :l!.‘!! g.;f:r ; yi-phosy Y ! Fig. 5. One can see that the two spots discriminate each gel better than
I8 00044 0831 0054 M[m’ e “*':d“,'"l';m“m- one spot. Thus, we demonstrated that supervised feature selection
1086 0,003 098 087 UDP-glucose pyrophosphorylase 2 surely works well for detection of discriminative and informative
782 0.0025 19 02§ Heat shock 70 kDa protein 8 proteins. Our results suggest that the SGB is able to detect the spots
i:'; ;ﬁ:‘ g-: gff—" Prostatic binding protein s b associated with tissue types using only identified spots.
798 0.0004 078 00021  Programmed cell death 8 : 3 ) ’ )
1510 0.0004 078 00017 W-C;"ttm A dehydrogenase, 3.4. Protein spots associated with HCC, histological grade and AFP
shortfbranched chain
1414 0.0001 093 014 Aceryl-Coenzyme A acetyltransferase 1 From Table 4(A), heat shock proteins (heat shock protein 90 kDa
() AFP level alpha, heat shock 70 kDa protein 4, heat shock 70 kDa protein 5, heat
shock 70 kDa protein 8, heat shock 70 kDa protein 9B), prolein
D SGBvariable Decyder Protein name disulfide isomerase-associated 3 (PDIA3) and aldo-keto reductase
Impartance  pofiof pevalue 1B10 (AKRB10) were overexpressed in HCC. These events are common
(t-test) at least three members of HSP family (HSP90, HSP70, HSC71) have
798 22143 076 00002  Programmed cell death 8 been reported in prior works [14,28,29). Members of the heat shock
1129 21.8696 162 025 Keratin & ) protein family have been known to promote cancer cell growth and
1007 124499 068 D018 Protein disulfide somerase-associated 3 survival by distinct mechanism [30). HSP family were first discovered
1515 105222 081 085 Galactokinase 1 : 2 :
451 101806 085 037 Glucosidase, alpha neutral AB by tlI'IEIf elevated al_;undance after I_1eat shock.Thg}_! take part ln‘pmtﬂn
2158 71303 064 00065  Abhydrolase domain containing 148 folding processes in normal physiological conditions. They bind and
782 28347 118 00045  Annexin AG prevent non-native proteins from aggregation. Heat shock 70 kDa
m 13‘5?; ;—;” ﬁ; cl‘;;’ww A protein 5 (GRP78) is a member of HSP70 family localized in endo-
i mi rase

plasmic reticulum (ER). Expression of GRP78 can be induced in res-
ponse to different stimuli including glucose starvation, hypoxia and ER
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Fig. 4. Representative 2D image of the preparative gel The gel was post-stained with SYPRO Ruby { Invitrogen ). The numbers indicate spots associated with HOC, spots associated with

grade and spots associated with AFP.

Ca2+ pool depletion [31). GRP78 has been proven to protect cells from
apoptosis, probably through inhibition of caspase-7 activation, an
apoptotic executioner [32]. Highly induced GRP78 in progressively
growing tumor cells has been reported to protect them from immune
attack, thus preventing rumor regression [33]. High level of GRP78
observed in this study may also support the aggressive growth and the
suppression of tumor rejection in HCC. In this study, carbonic
anhydrase 2 (CAIl) is poorly expressed in HCC, being consistent with
the report of Kuo et al. [34] They concluded thar this might promote
tumaor cell motility and contribute to tumor growth and metastasis.

In addition, heat shock 70 kDa protein 98 {mortalin) is abundantly
expressed in HCC. Yi et al. |35] recently found that overexpression of
mortalin in HCC was associated with HCC metastasis and early
recurrence using 2-DE, quantitarive PCR, western blot and immuno-
histochemistry. Poor expression of argininosuccinate synthetase (ASS)
is one of well-known molecular features of HCC and is recently a
target of HCC treatment using arginine-depleting enzymes [36], Vi-
mentin (VIM) is abundantly expressed in HCC. Hu et al. [37] reported
that overexpression of VIM is significantly associated with HCC
metastasis using cDNA microarray and tissue microarray.

Tahle 5

Performance evaluation for classificanion

Training sets

Data sets Accuracy (X)
HCC/non HCC 100
Moderate fwell 100

Low AFP/high AFP 941
Test sets

Data sets Accuracy (X)
HECCnon HCC 100
Maderate/well 913
Low AFP[high AFP 714

{a}) HCC [HCC/nan HCCY, (b)
high AFP),

ical grade ( 11} () AFP level (low AFP/

Furthermore, we examined gene expression level of selected
proteins by RTD-PCR and cDNA microarray (Table S1 (a)). Most of
these results are also consistent with protein expression profiles.

Although previous studies dealt with large size HCC or HCC with
progressive stage, we dealt with small size HCC in this study. The
proteins shown here might be potential biomarkers for early diagnosis.

Table 4 (B) and (C) represent protein spots associated with histo-
logical grade in HCC, and protein spots associated with AFP level,
respectively. Table 4 (B) shows that several metabolic enzymes, such
as AKRB10, glutamate dehydrogenase 1 (GLUD1), aldehyde dehydro-
genase 1A1, and peroxiredoxind (PRDX3) were poorly expressed in
maoderate HCC cells, and keratin 8 (KRT8) were abundantly expressed
in moderate HCC, It has been reported that the message of AKR1B10
was expressed most abundantly in small intestine and colon, while
with lower levels in liver, thymus, prostate, testis, and skeletal muscle
in normal tissues |38]. From our results, although AKR1B10 abun-
dantly expressed in HCC compared with non HCC, it poorly expressed
in moderate grade compared with well grade. The reason of this could
be explained well, however different metabalic process in moderate
differentiated HCC might not support the high expression of this gene
as found in well differentiated HCC. GLUD1 has been reported poorly
expressed in HCC [39]. This may suggest that GLUD1 is related to both
HCC and grade. PRDX3 is required for MYC-mediated proliferation,
transformation, and apoptosis after glucose withdrawal and essential
for maintaining mitochondrial mass and membrane potential in trans-
formed rat and human cells and deregulated expression of the MYC
transcription factor is found in a wide variety of human tumors. These
data provided evidence that PRDX3 is a MYC target gene that is
required to maintain normal mitochendrial function [40].

AFP is the most established tumor marker in HCC and the gold
standard by which other markers for the disease are judged |41].
Approximately, 70% of HCC are associated with AFP, and some HCC
produce low level of AFP. Although small tumaors tend to produce
lower levels of AFP, direct relationship between serum AFP and tumor
size has not been established as yet., Younger patients and men tend to
have higher levels compared to older patients and women, respectively



R Teramoto et al / Biochimica ef Biophysica Acta 1784 [2008) 764772 m

_—
)
—

prefering, member1 (SULT2A1) and PDIA3 were poorly expressed in
HCC cells associated with higher levels of AFP.

The overexpression of KRTB also has been reported by Western blot
and i fluarescence analysis in higher metastatic HCC cell lines
|44]. This implies that the alternation of KRTS in its expression level
might be related to metastatic ability, In this study, we observed that
KRTS expressed abundantly in both moderate HCC and high AFP level.

Chignard et al. has reported that a highly significant difference in
PDIA3 fragment serum levels among HCC patients, at-risk patients
(patients with chronic hepatitis or cirrhosis) and healthy individuals
was observed [45]. However, they did not investigate the correlation
hetween HCC and AFP. On the other hand, we observed that PDIA2 was
poorly expressed in HCC cells associated with higher levels of AFP.
Hence, our results suggest that AFP and PDIA3 may be complementa-
rily expressed abundantly in serum,

MNote that the differentially expressed proteins associated with
histological grade of HCC and AFP level found in this study, are not
always specific for HCC. PDIA3 has been reported to be differentially
expressed in brain and breast cancer [4647]. AKR1B10 has been
involved also in lung cancer [48]. Also, it has been known that cyto-
keratins including KRTS are part of the epithelial-mesenchymal tran-
sition (EMT). EMT is originally an embryonic developmental process
that is hijacked by cancer cells in colorectal cancer [49]. However, our
finding in this pilot study could provide new insights on under-
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Fig. 5. The scatter plots by two spots. (a) HCC/nan HCC, (b) histological grade of
moderate fwell, (] high AFP/low AFP level

[42,43). From Table 4 (C). two structural protein, KRT8 and lamin AfC
were abundantly expressed in HCC cells associated with higher levels of
AFP, whereas two apotosis related proteins, programmed cell death 8
and sulfotransferase family, cytosolic, 2A, dehy piandrosterone-

ding the pathogenesis of HCC, histological grade and AFP level.

4. Conclusion

We performed 2D-DIGE combined with MS to analyze the
proteomic profiling of HCC and their surrounding non HCC obtained
from 18 HCC patients. We identified the discriminative and informa-
tive protein spats associated with HCC, histological grade and AFP
level using feature selection with SGB. We confirmed that the pro-
posed method is able to identify known HCC-related proteins, e.g.,
HSP70 family. Morcover, we identified the polential biomarkers
associated with histological grade of HCC and AFP level and found
that AKR1B10 is related to,well differentiated HCC KRTS is related to
both cell differentiation and AFP level and PDIA3 is associated with
both HCC and AFP level. Although the list of selected spots can be
changed depending on training sets as pointed by Michiels et .al. [50],
we showed that our present results for HCC are consistent with many
prior studies and it appears that the obtained results are certainly
reliable. Since all HCC samples were stage |, we observed the mole-
cular events of relatively early stage of tumor, Our results shed light on
understanding of the pathogenesis mechanism of HCC, histological
grade and AFP level and will contribute to therapy and treatments for
HCC. Although we only deal with small number of samples in this
study, our strategy may be useful for detection of diagnosis or prog-
nosis biomarkers when large number of samples are available.
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Abstract

Proteome analysis of human hepatocellular carcinoma (HCC) was done using two-dimensional difference gel electrophoresis. To gain
an understanding of the molecular events accompanying HCC development, we compared the protein expression profiles of HCC and
non-HCC tissue from 14 patients to the mRNA expression profiles of the same samples made from a ¢DNA microarray. A total of 125
proteins were identified, and the expression profiles of 93 proteins (149 spots) were compared to the mRNA expression profiles. The over-
all protein expression ratios correlated well with the mRNA ratios between HCC and non-HCC (Pearson’s correlation cocfficient:
r = 0.73). Particularly, the HCC/non-HCC expression ratios of proteins involved in metabolic processes showed significant correlation

to those of mRNA (r = 0.9). A considerable number of proteins were expressed as multiple spots. Among them, several proteins showed
spot-to-spot differences in expression level and their expression ratios between HCC and non-HCC poorly correlated to mRNA ratios.
Such multi-spotted proteins might arise as a consequence of post-translational modifications.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Hepatocellular carcinoma; Proteome; Two-dimensional difference gel electrophoresis; Transcriptome; cDNA microarray

Hepatocellular carcinoma (HCC) is one of the most
common cancers worldwide, and a leading cause of death
in Africa and Asia [1]. Although several major risks related
to HCC, such as hepatitis B and/or hepatitis C virus infec-
tion, aflatoxin B1 exposure, and alcohol consumption, and
genetic defects, have been revealed [2], the molecular mech-
anisms leading to the initiation and progression of HCC
are not well known. To find the molecular basis of hepato-
carcinogenesis, comprehensive gene expression analyses
have been done using many systems such as hepatoma cell
lines and tissue samples [3,4]. Previously, we have carried

* Corresponding authors, Fax: +81 76 234 4250 (M. Honda), +81 29
856 6136 (Y.Tabuse).
E-mail addresses: mhonda@medf.m kanazawa-w.acjp (M. Honda),
y-tabuse@cd.jp.nec.com (Y. Tabuse).

0006-291X/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi;10.1016/.bbre.2007.11.101

out a comprehensive mRNA expression analysis using
the serial analysis of gene expression (SAGE) [5] and
cDNA microarray-based comparative genomic hybridiza-
tion [6] to acquire the outline of gene expression profile
of HCC. Although these genomic approaches have yielded
global gene expression profiles in HCC and identified a
number of candidate genes as biomarkers useful for cancer
staging, prediction of prognosis, and treatment selection
[7], the molecular events accompanying HCC development
are not yet understood. In general, proteins rather than
transcripts are the major effectors of cellular and tissue
function [8] and it is accepted that protein expression do
not always correlate with mRNA expression [9,10]. Thus,
protein expression analysis, which could complement the
available mRNA data, is also important to understand
the molecular mechanisms of HCC.
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The technigue of two-dimensional difference gel electro-
phoresis (2D-DIGE), developed by Unlu et al. [11] is one of
major advances in quantitative proteomics. Several groups
have recently utilized 2D-DIGE to examine protein expres-
sion changes in HCC samples [12,13], whereas reports on
the analysis combining both transcriptomic and proteomic
approach are rare.

In the present study, we compared quantitatively protein
expression profiles of HCC to non-HCC (non-cancerous
liver) samples derived from 14 patients by 2D-DIGE. We
also compared the protein expression profiles of the same
HCC and non-HCC samples to the mRNA profiles which
have been obtained using a cDNA microarray. The expres-
sion ratios of 93 proteins showed significant correlations
with the mRNA ratios between HCC and non-HCC. Pro-
teins involved in metabolic processes showed more promi-
nent correlation. Our study describes an outline of gene
and protein expression profiles in HCC, thus providing
us a basis for better understanding of the disease.

Materials and methods

Patients. A total of 14 HCC patients who had aumcnl n:m.‘lwn douc
in the Kanazawa University Hospital were lled. The
logical characteristics of them are shown in Table 1. The HCC umplu
and adjacent non-tumor liver samples were snap frozen in liquid nitrogen,
and used for cDNA mlcmmly and 2D-DIGE analysis. All HCC and
non-tumor les were histologically di d and quantitative detec-
tion of hepnmm C virus RNA by Amplmre analysis (Roche Diagnostic
Systems) showed positive. The grading and staging of chronic hepatitis
associated with non-tumor lesion were histologically assessed according to
the method described by Desmet et al, [14] and histological typing of HCC
was usmscd umnrﬂms to Ishak et al. [15] All strategies used for gene
pression analysis were approved by the Ethical
Commntne of I(.numwn University Hospital.
Preparation of cDN A microarray slides. In addition to in-house cDNA
microarray slides consisting of 1080 cDNA clones as previously described

obtained from hepatic SAGE libraries (derived from normal liver, CH-C,
CH-C related HCC, CH-B, and CH-B related HCC), including 52,149
unique 1ags. Among these, 16,916 tags expressing more than two hits were
selected 10 avoid the effect of sequencing errors in the libraries. From these
candidate genes, 9614 non-redundant clones were obtained from Incyte
Genomics (Incyte Corporation), Clontech (Nippon Becton Dickinson),
and Invitrogen (Invitrogen). Each clone was sequence validated and PCR
amplified by Dragon Genomics (Takara Bio), and the cDNA microarray
slides (Liver chip 10k) were constructed using SPBIO 2000 (Hitachi
Software) as described previously [6,16-18]

RNA isolation and antisense RNA amplification. Total RNA was iso-
lated from liver biopsy samples using an RNA extraction kit (Stratagene).
Aliquots of total RNA (5 pg) were subjected to amplification with anti-
sense RNA (aRNA) using a Message AmpTM aRNA kit (Ambion) as
recommended by the manufacturer. About 25 pug of aRNA was amplified
from 5 pg total RNA, assuming that 500-fold amplification of mRNA was
obtained. The quality and degradation of the isolated RNA were esti-
mated after electrophoresis using an Agilent 2001 bioanalyzer. In addition,
10 pg of aRNA was used for further labeling procedures,

Hybridization on ¢cDNA microarray slides and image analysis. As a
reference for each microarray analysis, ARNA samples prepared from the
normal liver tissue from one of the patients were used. Test RNA samples
fluor ly labeled with cy (Cy) 5 and reference RNA labeled with
Cy3 were used for microarray hybridization as described previously [6,16-
18] Quantitative assessment of the signals on the slides was done by
scanning on a ScanArray 5000 (General Scanning) followed by image
analysis using GenePix Pro 4.1 (Axon Instruments) as described previ-
ously [6,16-18].

Protein expression analysis wsing 2D-DIGE Prolein samples were
homogenized with lysis buffer (7 M urea, 2 M thiourea, 4% w/v CHAPS,
0.8 M aprotinin, 15pM pepstatin, 0.1 mM PMSF, 0.5mM EDTA,
30 mM Tris-HCl, pH £.5) and oumnl'ugnd at 13 DﬂOrpm for 20 min at
4°C. The supernatants were used as p The protein con-
centrations were determined with a protein assay rﬂsen'l (Bio-Rad). The
non-HCC and HCC samples (50 pg each) labeled with either Cy3 or Cy5
according to the manufacture's manual were combined and separated on
2-DE gels together with the Cy2-labeled internal standard (IS), which was
prepared by mixing equal amounts of all samples. Analytical 2-DE was
performed as described previously [20] using Immobiline DryStrip (pH 3-
10, 24 cm, GE Healthcare) in the first dimension and 12.5% SDS-poly-
acrylamide gels (24 x 20 cm) in the second dimension. Samples were run in
triplicate to obtain statistically reasonable results. Afler scanning with a
Typhoon 9410 scanner (GE Healthcare), gels were silver stained for pro-
tein identification. For protein identification, 400 pg of the IS sample was
also separately run on a 2-DE gel and stained with SYPRO Ruby
(Invitrogen). All analytical and preparative gel images were processed
using ImageQuant (GE Healthcare) and the protein level analysis was
done wtth the DeCyder software (GE Healthcare). To detect phospho-

ins, 400 pg of HCC and non-HCC samples were separately run on 2-

[6,16-18), we made new cDNA ray slides for detailed analysis of
the signaling pathway of bolism and enzyme function in liver di
[19] Besides cDNA mi ray analysis, a total of 256,550 tags were
Table 1
Characteristics of patients involved in this study
Patient  Age Sex* Histology of non- Tumor Viral
No. tumor lesion® histology ~ status
| 64 M  F4Al Moderate HCV
2 65 M F4aal Well HCV
3 48 M F3Al Moderate HCV
4 68 F F4A2 Moderate HCV
s 6 F F4A2 Well HCV
6 45 M F4Al Well HCV
7 75 F F4Al Well HCV
8 4 M  F4A2 Moderate  HCV
9 66 M F2A2 Well HCV
10 35 M F3Al Moederate HCV
1 67 F F4A2 Well HCV
12 64 M F4Al Moderate HCV
13 68 M F4A0 Well HCV
14 74 M Fl1AD Moderate  HCV

* M, male; F, female.
b F, fibrosis; A, activity.

DE gels and stained with ProQ Diamond (Invitrogen). After acquiring
images, gels were counterstained with SYPRO Ruby to visualize total
proteins as described above.

Protein identification. The excised protein spots were in-gel digested
with porcine trypsin (Promega). For LC-ESI-IT MS/MS analysis using
LCQ Deca XP (Thermo Electron), the digested and dried peptides were
dissolved in 10 pl of 0.1% formic acid in 2% acetonitrile (ACN). The
dissolved samples were loaded onto CI8 silica gel capillary columns
{Magic Cl8 Sﬂxﬂim) and the elution from the column was directly

gh a sprayer to an ESI-IT MS. Mobile phase A was 2%
ACN containing g 0.1% formic acid, and mobile phase B was 90% ACN
containing 0.1% formic acid, A lincar gradient from 5% to 65% of con-
centration B was applied to elute peptides. The ESI-IT MS was operated
in positive jon mode over the range of 350-2000 (m/z) and the database
search was carried out against the IPI Human using MASCOT (Matrix-
science), The following search parameters were used: the culting enzyme,
trypsin; one missed cleavage allowed, mass tolerance window, +1 Da, the
MS/MS tolerance window, +0.8 Da; carbamidomethy! cystein and oxi-
dized methionine as fixed and variable modifications, respectively.

= 18}, =
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Detection of phosphorylated peptide. Possible phosphorylation sites
were investigated by MALDI-TOF-MS using monoammonium phos-
phate (MAP) added matrix mainly according to Nabetani et al. [21] An
additive of MAP was mixed with a-CHCA matrix solution (5 mg/mL,
0.1% TFA, 50% ACN aqueous) to 40 mM in final concentration. Tryptsin
digests of the spots positively stained with ProQ were dissolved into 4 uL
of 0.1% TFA, 50% ACN aqueous solution and | uL of the peplides
solution was spotted on the MALDI target plate. After drying up, 1 L of
the MAP matrix was dropped on the dried peptide mixture, Voyager DE-
STR (ABI) was used to obtain mass spectra both in negative and positive
ion mode. MS peaks that had relatively stronger intensities in negative ion
mode than in positive ion mode were selected as candidates for acidically
modified peptides.

Results and discussion

We identified 195 spots representing 125 proteins (Sup-
pl. Table 1) and obtained the corresponding mRNA
expression data for a total of 93 proteins (149 spots) (Sup-
pl. Table 2). These 93 proteins were classified according to
their biological processes and subcellular localizations into
categories described by the Gene Ontology Consortium
(http://www.geneontology.org/index.shtml) and about a
half of them were related to metabolic processes
(Fig. 1A). It is a general agreement that proteins with extre-
mely high or low p/ as well as hydrophobic proteins are dif-
ficult to be detected by 2-DE. Being consistent with this
notion, our analysis detected many cytoplasmic proteins
(Fig. 1B). Therefore, the protein expression data presented
here were biased in favor of cytoplasmic and soluble pro-
teins. The protein expression abundance between non-
HCC and HCC was calculated using the normalized spot
volume, which was the ratio of spot volume relative to IS
(Cy3:Cy2 or Cy5:Cy2) and we used the Student’s paired
t-test (p<0.05) to select the protein spots which were
expressed differentially between non-HCC and HCC, using
2-DE gel images run in triplicate. The spot volume of a
multi-spotted protein was indicated as a total volume by
integrating the intensities of multiple spots as was done
by Gygi et al. [10]. Comparison of protein expression pro-
files revealed that several proteins were expressed differen-
tially between HCC and non-HCC. Proteins whose
abundances increased >2-fold or decreased <1/2 in HCC
are listed in Table 2. While glutamine synthetase, vimentin,

ical and Biophysical Research Communications 366 (2008) 186-192
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Fig. 1. Classification of identified proleins according to their cellular
function (A) and subcellular localization (B).

annexin A2 and aldo-keto reductase were up-regulated,
carbonic anhydrase 2, argininosuccinate synthetase 1, car-
bonic anhydrase 1, fructose-1,6-bisphosphatase 1, and
betaine-homocysteine methyltransferase were down-regu-
lated in HCC. Up- or down-regulation of most of these
proteins in HCC has been reported previously [22-27]
Up-regulation of vimentin and annexin A2, and reduced
expression of carbonic anhydrase 1 and 2 was suspected
to be associated with cellular motility and metastasis
(23,24,26].

The mRNA expression abundance was calculated
from cDNA microarray data. Hierarchical clustering of

Table 2

Proteins expressed differentially between HCC and non-HCC

Spot ID Protein name Refseq ID Theoretical Fold change (HCC/non-HCC)  References
pl MW (kDa) Protein® mRNA

1353, 1354 Glutamine synthase NP_002056.2 643 427 2,06 308 [22)

1039, 1046 Vimentin NP_003371 509 536 230 1.51 23

1716 Annexin A2 NP_001002857.1 757 388 257 1.82 [24]

1685, 1699 Aldo-keto reductase 1BI10 NP_064695 702 362 4.9 473 [25)

1977 Carbonic anhydrase 2 NP_000058 687 293 0.39 0.62 [26)

1307, 1312, 1331 Argini inate synth 1 NP_000041.2 808 468 0.41] 0.30 2N

1941 Carbonic anhydrase 1 NP_001729 659 289 047 1.25 [26])

1582 Fructose-1,6-bisphosphatase | NP_000498 654 372 0.48 0.36

1256 Betaine-h ysteine methyl ferase NP_001704 641 454 0.48 0.40

* Integrated spot volume was used to calculate the fold change of multi-spotted proteins.
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Fig. 2. Comparative analysis of protein and mRNA expression profiles between HCC and non-HCC. (A) The HCC/non-HCC ratios of averaged protein
expression levels for 93 proteins were plotied against those of mRNA. Proteins related to metabolic pathways were indicated in closed circles and were
shown again in (B). Proteins related to the other biochemical pathways were indicated in open circles and shown in (C). Proteins listed in Table 3 were

indicated in (B) and (C). All graphs were depicted in log; scale.

Table 3

Proteins whose expression changes between HCC and non-HCC show poor correlation to mRNA expression changes

Spot Protein name Refseq ID  Theoretical Spot* Av, Spot p Protein Micro array Av. Micro array p
1D Ratio value ratio ratio value
pl MW .
(kDa)
564 Transferrin NP_001054 68 793 223 0.035 1.61 0.45 33E-06
565 1.87 0.079
566 228 0.13
605 0.73 0.098
1489 Albumin NP_OD0O468 5.9 713 — 0.63 1.25 047 23E-03
1941 Carbonic anhydrase 1 NP_001729 6.6 289 — 1.5E-03 047 1.25 039
2290 Peptidylprolyl NP_066953 7.7 18.1 - 5.0E-01 1.07 29 1.1E-0]
isomerase A
* Since transferrin was detected in multiple spots, averaged ratio and spot p value of each spot is shown.
Table 4
Multi-spotted proteins showing spot-to-spot differences in expression level between non-HCC and HCC
Spot ID Spot Av. ratio Spot p value Protein name Refseq ID Theoretical Protein* ratio
pl MW (kDa)
436 1.92 5.3E-04 Tumor rejection anligen (gp96) NP_003290 48 92.7 1.2
537 0.79 0.16
564 223 0.035 Transferrin NP_001054 6.8 79.3 1.61
565 1.87 0.079
566 228 0.13
605 0.73 0.098
1257 1.02 0.92 Fumarate hydratase NP_000134 8.8 54.8 0.8
1261 0.6 1.3E-03

.

4

* HCC/non-HCC protein ratios were calculated using integrated spot

gene expression was done with BRB-ArrayTools (http://
linus.nci.nih.gov/BRB-ArrayTools.htm), The filtered data
were log-transferred, normalized, centered, and applied
to the average linkage clustering with centered correla-
tion. BRB-ArrayTools contains a class comparison tool
based on univariate F tests to find genes differentially
expressed between predefined clinical groups. The permu-
tation distribution of the F statistic, based on 2000 ran-
dom permutations, was also used to confirm statistical

significance. A p value of less than 0.05 for differences
in HCC/non-HCC gene expression ratio was considered
significant,

The average HCC/non-HCC expression ratios of the 93
proteins were plotted against the mRNA ratios in Fig. 2,
where a positive value indicates increased expression in
HCC and a negative ratio indicates reduced expression.
The overall expression ratio of HCC/non-HCC indicated
noticeable correlation between protein and mRNA

- 183 -



190 H. Minagawa et al. | Biochemical and Biophysical Research Communications 366 (2008) 186-192

(Fig. 2A), and the Pearson’s correlation coefficient for this
data set (93 proteins/genes) was 0.73. Next, we divided 93
proteins into those related to metabolism and others bio-
logical processes. The HCC/non-HCC ratios of protein
expression for metabolism-related proteins showed sub-
stantial correlation with those of mRNA (Fig. 2B,
r = 0.9), whereas those of other proteins were poorly corre-
lated (Fig. 2C, r = 0.36). Extreme care must be taken in a
direct comparison of proteomic data with transcriptome
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because of multiple layers of discrepancies caused by the
distinct sensitivities of cDNA array hybridization and 2-
DE, the inability of a cDNA array to distinguish mRNA
isoforms and post-translational modifications of proteins.
Nevertheless, our results suggest that the expression of con-
siderable portion of proteins with metabolic function listed
here is regulated at transcriptional level. On the other
hand, post-transcriptional and/or post-translational pro-
cesses seem to be involved in the regulation of expression
level for proteins with other cellular functions as a whole.
Four proteins (albumin, transferrin, peptidylproryl isomer-
ase A, and carbonic anhydrase 1) showed apparent poor
correlation in protein and mRNA expression profiles
(Table 3 and Fig. 2). Transcriptional control might have lit-
tle effect on the expression changes of these proteins
between HCC and non-HCC.

A number of proteins were expressed as multiple spots
on 2-DE gels and most multi-spotted proteins showed little
spot-to-spot variations in the averaged HCC/non-HCC
ratio. Although we do not know how these multiple spots
were generated, many of them might be due to the confor-
mational equilibrium of proteins under electrophoresis
rather than to any post-translational modifications [28].
On the other hand, the HCC/non-HCC expression ratios
of several multi-spotted proteins varied from spot to spot,
and three proteins (transferrin, fumarate hydratase, and
tumor rejection antigen gp96) were categorized as these
multi-spotted proteins (Table 4).

For example, gp96 was detected in two spots (spot #436
and 537) with distinct molecular mass and pl and they
showed different HCC/non-HCC expression ratio
(Fig. 3A and B and Table 4). The expression of these two
isoforms was observed to change in the opposite direction
between non-HCC and HCC: #436 was up-regulated in
HCC (HCC/non-HCC ratio: 1.96) while #537 was down-
regulated (HCC/non-HCC ratio: 0.79) (Table 4 and
Fig. 3C and D). Gp9%6 is a glycoprotein present in endo-
plasmic reticulum and is supposed to function as a molec-

4
-

Fig. 3. Comparison of expression profiles of two gp96 spols between HCC
and non-HCC. The expression profile and phosphorylation of tumor
rejection antigen gp96 in HCC and non-HCC was investigated. Magnified
gel images and 3D views of two gp96 spots in non-HCC (A) and HCC (B)
were shown. Differences in expression level of two gp96 spots, #436 (C)
and #537 (D), between non-HCC and HCC were shown. The open circle
indicates the standardized abundance of the individual spot in each
sample. The closed square represents the averaged abundance of each
gp9%6 spot. Magnified gel images of non-HCC (E) and HCC (F) stained
with ProQ. The #436 spot was positively stained with ProQ, while
unambiguous staining of the #537 spot was not observed. Tryptic peptides
prepared from the spot #436 were analyzed by MALDI-TOF mass-
spectrometry in the positive ion mode (G) and the negative ion mode (H).
A peak of 2261.98 detected in positive ion mode corresponds to the amino
acid sequence from 512 to 530. In addition to the original peak (m/z:
2260.53), a peak mass shifted by +80 Da was detected in the negative ion
mode. A predicted phosphorylation motif for | kinase
CK2 is indicated in italics (G).
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ular chaperone and intracellular Ca** regulator [29,30]
Several previous reports have shown that gp96 is glycosyl-
ated and phosphorylated, and exists as heterogeneous
molecular entities with various molecular weights [31]. In
order to know whether gp96 spots were phosphorylated
or not, we stained the 2-DE gels with ProQ Diamond
which is a dye specific to proteins phosphorylated on ser-
ine, threonine or tyrosine residues [32], and has been used
successfully to visualize phosphoproteins [33]. We found
that the spot #436 was positively stained with ProQ
(Fig. 3E and F). We further tried to detect possible phos-
phorylated peptides in the tryptic digests prepared from
#436 by MALDI-TOF-MS according to Nabetani et al.
[21]. Searching for those peaks that had relatively stronger
intensities in negative ion mode than in positive ion mode,
we found two peaks as candidates for acidically modified
peptides. They were assigned to the peptides SILFVPT-
SAPR (amino acid sequence: 385-395, data not shown)
and FQSSHHPTDITSLDQYVER (aa512-530). Fig. 3G
and H show the unmodified peak and the acidically modi-
fied peak (mass shifted by +80 Da in negative ion mode) of
the latter peptide, respectively. This peptide contained a
predicted phosphorylation consensus motif, [Ser or Thr}-
X-X-[Asp or Glu], for protein kinase CK2 (Fig. 3G) which
was suggested to phosphorylate gp96 [34]. These results
together with ProQ staining indicated that at least one
gp9 isoform was phosphorylated and was up-regulated
in HCC. Over-expression of gp96 in HCC has been
reported previously [35], though the reports that showed
over-expression of its phosphorylated form are rare. Fur-
ther investigation into biological meaning of gp96 phos-
phorylation may provide us important information about
HCC development.
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Backgroud/Aims: a-Galactosylceramide (x-GalCer) has been attracting attention as a novel approach to treat meta-
static liver cancer. However, the activation of liver innate immunity by 2-GalCer should be examined because clinical trials
of a-GalCer resulted in limited clinical responses.

Methods: We examined the activation of liver innate immunity by «-GalCer in subcutaneous Colon26 tumor bearing-
mice (C26s.c.TB-mice).

Results: The expressions of CD1d molecule on liver dendritic cells (DCs) were significantly lower in C26s.c.TB-mice
than those in tumor-unbearing normal mice. Although liver NK cells and NKT cells activated in normal mice after a-Gal-
Cer treatment, the activation of these cells were significantly inhibited in C26s.c.TB-mice. a-GalCer treatment resulied in
significant antitumor effect against Colon26 metastatic liver tumor in normal mice, but not in C26s.c. TB-mice. The serum
levels of TGF-B, known to suppress the CD1d expressions on DCs, in C26s.c.TB-mice were significantly higher than those
in normal mice. Surgical subcutaneous tumor mass reduction resulted in the reduction of serum TGF-B, the recovery of
CD1d expressions on liver DCs and the improvement of antitumor effect of «-GalCer against metastatic liver tumor.

Conclusions: These results suggested that tumor burden reduces CD1d expressions on liver DCs, thus impeding a-Gal-

Cer-mediated NK cell activation and antitumor activity in the liver.
© 2008 Published by Elsevier B.V. on behalf of the European Association for the Study of the Liver.
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1. Introduction

The glycolipid  antigen  a-galactosylceramide
(z-GalCer) induces activation of NKT cells in a
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CD1d-dependent manner [1]. a-GalCer presented by
DCs efficiently stimulates NKT cells implicated in the
innate immunity [2,3]. Recently «-GalCer has been
attracting attention for novel anti-tumor therapy. In vivo
animal studies have shown that systemic administration
of a-GalCer can lead to anti-tumor effects against meta-
static liver tumor [4,5], suggesting that «-GalCer treat-
ment might be promising for clinical application
against liver tumor. Metastatic liver tumors, one of the
most common types of advanced malignancy, resist con-
ventional chemotherapy and radiotherapy, and present
with a poor prognosis. Thus novel and more effective
immunotherapy is needed, especially for metastatic liver
cancer. Several phase | clinical studies have been carried
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out in cancer immunotherapy using intravenous admin-
istration of a-GalCer, but with limited clinical responses
[6.7]. Most clinical trials of cancer immunotherapy have
been conducted with patients at advanced stages of can-
cer. Thus, for further development of a-GalCer treat-
ment in such patients, the antitumor effect of «-GalCer
should be examined in hosts with an advanced tumor
burden.

In the current study, we evaluated the anti-tumor
effect of administration of «-GalCer against liver tumor
in subcutaneous tumor bearing animals. Both the anti-
tumor effect of «-GalCer against liver tumor and liver
NK cell and NKT cells activation were impaired in sub-
cutaneous tumor bearing mice (s.c.TB-mice). The liver
DCs were poorly activated by »-GalCer administration
with lower expression of CDId, NKT-activating mole-
cules. However, the CDId expression increased and
the antitumor eflect of «-GalCer against liver tumor
was improved after surgical resection of the subcutane-
ous tumor mass. Our study has shed light toward under-
standing of the antitumor effect of «-GalCer in
metasatic liver cancer patients.

2. Materials and methods

2.1. Mice

Six-to-eight week old female BALB/c mice were purchased from
Shizuoka Experimental Animal Laboratory (Shizuoka, Japan), and
maintained in micro-isolator cages. The animals were handled under
aseptic conditions. Procedures were performed according to approved
protocols and in accordance with recommendations for the proper care
and use of laboratory animals,

2.2, Cell lines

Colon26, & mouse colon adenocarcinoma cell line was kindly pro-
vided by Dr. Takashi Tsuruo (Institute of Molecular and Cellular Biosci-
ence, The University of Tokyo, Tokyo, Japan). This cell line was
maintained in complete medium (CM, RPMI-1640 medium supple-
mented with 10% heat-inactivated fetal bovine serum, 100 U/ml penicil-
lin, 100 pg/ml streptomycin and 10 mM L-glutamine: all reagents from
GIBCO/Life Technologies, Grand Island, New York) in a humidified
incubator at 5% COy and 37 °C.

2.3. a-GalCer

a-GalCer was kindly provided by Kirin Pharma Co. Ltd. {Gunma,
Japan) and prepared as previously described [8].

2.4. Animal experiments

To establish Colon26 s.c. TB-mice (C26s.c.TB-mice). BALB/c mice
were subcutancously injected with 3 x 10° Colon26. On day 42, when
the tumor size reached approximately 200 mm?, bone marrow-derived
DCs {BM-DCs) and liver DCs were prepared to evaluate the CD1d
expression in C26s.c. TB-mice. BM-DC were generated as previously
described [8]. Hepatic mononuclear cells (MNC) were prepared as pre-
viously described [§]. CD1lc+ dendritic cells were isolated from hepa-
tic MNC by magnetic cell sorting using MACS (Miltenyi Biotec,
Gladbach, Germany) according to the manufacturer’s protocol,

Hepatic metastasis of Colon2é cells was established as previously
described [9]. To examine antitumor effect of a-GalCer in the liver of
C26s.c.TB-mice, C26s.c.TB-mice or normal mice were injected with
5 % 10° Colon26 cells into the spleen 42 days after mice were subcu-
tancously injected with 3 x 10" Colon26 cells. Twenty-four hours
later, a-GalCer (2 pg/100 pl) or 100 pl of the vehicle was administered
intraperitoneally to each mouse. Ten days after tumor injection, the
livers of the treated mice were removed, and the liver weight was
measured 1o examine intrahepatic tumor growth.

2.5. Flow cytometry

For phenotypic analysis of BM-DCs and liver DCs, PE- or FITC-
conjugated monoclonal antibodies (Ab) against mouse cell surface
molecules [CD1d, CD80, CD86 CDIle (all from BD-Pharmingen,
San Diego, CA), MHC class 1 (Miltenyi Biotec)}, and appropnate iso-
type controls were used, We defined DCs with CD1lc+ MHC class
11+ cells by flow cytometry. To detect the NK cell and NKT cell pop-
ulation in liver MNCs, MNC were stained with PE-conjugated DX3
Ab and FITC-conjugated TCR[B (all from BD-Pharmingen).
C26s.c. TB-mice and normal mice were injected intraperitoneally with
a-GalCer (2 pg/100 pl) or 100 pl of vehicle. Hepatic MNC were pre-
pared on day 0, 1, 3 and 7 alter a-GalCer njection, and both NK cell
and NKT cell populations in hepatic MNC were evaluated by flow
cytometry. Flow cytometric analysis was performed using a FACscan
(Becton Dickinson, San Jose, CA) flow cytometer. The results of flow
cytometric analysis are reported in arbitrary mean fluorescence inten-
sity (MFT) units.

2.6. TGF-f} and IL-10 ELISA

Mice sera from C26s.c. TB-mice were harvested 42 days after intra-
hepatic tumor injection, Mice sera and the culture supernatants of
Colon26 cells were subjected to mouse TGF-p ELISA (R&D systems,
Minneapolis, MN) and mouse 1L-10 ELISA (BD-Pharmingen), with
lower levels of detection of 31.2 and 31.3 pg/ml, respectively.

2.7. Cytotoxic assay

To evaluate the activation of liver NK cells in C26s.c. TB-mice trea-
ted with a-GalCer, liver MNC were isolated 48 h after a-GalCer injec-
tion and subjected to *'Cr release assay against NK-susceptible YAC-1
target as previously described [4]. Assays were performed in triplicate,
with spontaneous release of all assays not exceeding 25% of the max-
imum release,

2.8, Surgical resection of subcutaneous rumor

To assess the impact of subcutaneous tumor on the CD1d expres-
sion of liver DCs, subcutancous Colon26 tumors were surgically
resected on day 42 after subcutaneous injection of Colon26 cells
(C26s.c.TB-ope mice). Fourteen days after subcutaneous tumor resec-
tion, liver DCs were isolated and subjected to flow ¢y try 1o eval-
uate the CD1d expression. To examine antitumor effect of a-GalCer in
the liver of C26s.c.TB-ope mice, C26s.c.TB-mice or C26s.c.TB-ope
mice were injected with § x 10° Colon26 cells into the spleen 10 days
after subcutancous tumor resection. Twenty-four hours later, a-Gal-
Cer (2pg/100 pl) was administered intraperitoneally as above. Ten
days later, the livers of the treated mice were removed, and the liver

ights were ed 10 intrahepatic tumor growth.

2.9. Statistical analysis

The statistical significance of differences between the groups was
determined by applying compared ¢ test with Welch correction or
Maunn-Whitney U test. The statistical significance of the differences
in more than three groups was determined by applying one-way
ANOVA, We defined statistical significance as p <0.05,
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3. Results

3.1. Expressions of CDld on DCs in C265s.c. TB-mice were
lower than those in normal mice

Since a-GalCer induces activation of NKT cells in a
CDId-dependent manner [1], the expression of CDId
plays an important role in the activation of NKT cells.
We examined the CDIld expressions on DCs n
C26s.c.TB-mice. The expressions of CDId on BM-
DCs were similar in both normal and C26s.c.TB-mice
(Fig. 1A and B). In contrast, those on liver DCs from
C26s.c. TB-mice were significantly lower than those from
normal mice (Fig. 1A and C). Spleen DCs from
C26s.¢. TB-mice were also significantly lower than those
from normal mice (Fig. 1A and D). These results dem-
onstrated that systemic decrease of CDId expressions
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on DCs in each organ is observed in C26s.c.TB-mice,
but the potential of differentiation of CDId expressing
DCs from precursor cells in bone marrow was similar
between in C26s.c. TB-mice and normal mice.

3.2. The activation of liver NK cells, liver NKT cells and
liver DCs was impaired in C26s.c. TB-mice

We next examined the activation of liver NK cells
and liver NKT cells in C26s.c.TB-mice after administra-
tion of «-GalCer. The cytolytic activity of liver NK cells
in a-GalCer-treated mice was stronger than that in vehi-
cle-treated mice in normal mice. In marked contrast, the
cytolytic activities in both #-GalCer and vehicle-treated
mice were very weak in C26s.c.TB-mice (Fig. 2A). In
normal mice, the liver NK cell proportions in whole
liver MNCs increased with the peak at 1 day after a-
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Fig. 1. CD1d expression on DCs in C26s.c.TB-mice. BM-DCs, liver and spleen DCs were prepared from C26s.c. TB-mice or normal mice (N = 3 in each

group), and the expressions of CD1d molecules on DCs were ¢

d by flow ¢

v. The representative How cytometry data of CDId expressions on

BM-DCs, liver DCs and spleen DCs were shown in Fig. 1A, The expression levels of CD1d molecules are reported in arbitrary MFI (mean £ SD).
Normal: MFT of DCs from normal mice stained with anti-CD1d or isotype control antibody. C26s.c.TB: MFI of DCs from C26s.c.TB-mice stained with
anti-CD1d or isotype control antibody. The CD1d expression on BM-DCs (B), on liver DCs (C), on spleen DCs (D). “p < 0.05 vs. respective isotype

control “p < 0.05 vs. CD1d expression in normal mice.
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Fig. 2. Impaired activation of liver NK cells and NKT cells in
C26s.c.TB-mice. (A) To evaluate the activation of liver NK cells in
C26s.c. TB-mice treated by a-GalCer, liver MINC were isolated 48 h after
a-GalCer injection and were subjected to S1Cr release assay against NK-
susceptible YAC-1 target, (#) 2-GalCer-treated normal mice, ($)
vehicle-treated normal mice, (o) 2-GalCer-treated C26s.¢.TB-mice, ()
vehicle-treated C26s.¢,TB-mice. Representative data shown here is from
three ind | experil (B, ) BALB/ normal mice or
C26s.c. l'!Lm.ice were injected intraperitoneally with a-GalCer, Hepatic
MNC were prepared on day 0, 1, 3 and 7 days after a-GalCer injection.
Liver NK cell and NKT cell populations in hepatic MNC were eval d
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Fig. 3. The CD80 and CDB6 cxpressions of liver DCs in C26s.c. TB-mice
and I mice. The exp of CDB0 and CD86 on liver DCs from
both normal mice and C26s.c.TB-mice were evaluated by flow cytometry
(N = Y in each group). The representative flow cytometry data of CDS0
and CDR6 expressions on liver DC were shown in Fig. 3A. The

by fow cytometry, (B) Liver NK cell populations (DXS+TCRp— cells)
in hepatic MNC after a-GalCer treatment. () NK cell in each normal
mice, (+) NK cell in each C26s.c.TB-mice (N =4 in each group). (C)
Liver NKT cell populations (DXS+/TCRf+ cells) in hepatic MNC after
a-GalCer treatment in normal mice and C26s.c. TB-mice (V=4 in each
group).

GalCer administration, and the liver NK cell proportion
at 7 days gradually decreased (Fig. 2B). C26s.c.TB-mice
showed weaker increase of liver NK cell proportions in
whole liver MNCs than normal mice (Fig. 2B). The liver
NKT cell proportion decreased on day | and increased
again on day 3 and day 7 after «-GalCer administration
in normal mice. In marked contrast, those did not
change on day 1, day 3 and day 7 after «-GalCer admin-
istration in C26s.c.TB-mice (Fig. 2C). The liver NK cell
and NKT cell proportion in vehicle-treated mice exhib-
ited no change in both mice groups (data not shown).
These results demonstrated that the activation of liver
NK cells and NKT cells by »-GalCer was impaired in
(C26s.c. TB-mice.

We also examined the CD80 and CD86 expressions
of liver DCs in both C26s.c.TB-mice and normal mice,
which are indicators of the antigen-presenting function
of DCs. The expressions of CD80 and CD86 molecules
on liver DCs from C26s.c.TB-mice were significantly
lower than those from normal mice after a-GalCer

190

levels of CD8O and CD86 molecules nrl: reported as arbitrary
MF! (mean £ ‘sl‘l of triplicate samples, Fig. 3B). “p < 0.05 s, respective
isotype control * p < (L05 vs. CD80 or CD86 expressions in normal mice,

administration (Fig. 3), suggesting that the antigen-pre-
senting function of liver DC in C26s.c. TB-mice was also
impaired compared with normal mice.

3.3. The antitumor effect of a-GalCer administration
against metastatic liver tumor was impaired in C265.¢.TB-
mice

We examined the antitumor effect of «-GalCer
administration against metastatic liver tumor in both
normal and C26s.c.TB-mice. With normal mice, no
tumor formation was observed in the liver of any of
the a-GalCer-treated mice although large Colon26 liver
tumors had formed in all vehicle-treated mice. In con-
trast, with the C26s.c.TB-mice, large Colon26 liver
tumors had formed in both a-GalCer-treated and vehi-
cle-treated mice. The liver weights of the «-GalCer treat-
ment group were significantly lighter than those of the
vehicle treatment group for normal mice, while they
were similar for both groups of the C26s.c.TB-mice
(Fig. 4). These results demonstrated that the antitumor
effect of a-GalCer against metastatic hiver tumor was
impaired in C26s.c.TB-mice.
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Fig. 4. Impaired antitumor effect of 2-GalCer treatment sgainst
Colon26 liver tumor in C26s.c.TB-mice. To establish C26s.c.TB-mice,
BALB/c mice were subcutaneously injected with 3 » 10° Colon26 cells 42
days before intrasplenic injection of tumor cells. BALB/c normal mice or
C26s.¢.TB-mice were injected into spleen with 5 = 10° Colon26 cells, and
24 b later either a-GalCer or vehicle was administered intraperitoneally
(N=#6 in each treatment group). Ten days after treatment, the livers
were removed from all treated mice and the liver weights of the groups
were compared. As a control, the mean liver weights of untreated normal
mice were 1.08 £ 0.09 g. "p < 0.05. 2-GalCer treatment group vs. vehicle
treatment group in normal mice. NS, a-GalCer treatment group vs,
vehicle treatment group in C26s.c.TB-mice.

3.4. Serum TGF- levels in C26s.c. TB-mice were
increased compared with those in normal mice

Previous reports demonstrated that CDI1d expres-
sions on DCs decreased after co-culture with either
TGF-f [10] or IL-10 [11]. The supernatants of 24 h cul-
tures of Colon26 cells were subjected to TGF-p and IL-
10 ELISA. The production of TGF-f in the superna-
tants of Colon26 was significantly higher than the con-
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Fig. 5. The TGF-p production from Colon26 cells and the increase in
serum TGF- levels in C26s.c. TB-mice. (A) The culture supernatants of
Colon26 cells or culture medium only (RPM11640) were subjected 1o
mouse TGF-f ELISA. (B) Mice sera from C26s.c.TB-mice were
harvested 42 days after subcutaneous tumor injection and were subjected
to mouse TGF-f ELISA. Mice sera from normal mice were used as
controls. Cytokine levels are reported in pg/ml (mean £ SD of triplicate
samples), Similar results were obtained in two independent experiments.
p< 0,05,

trol medium (Fig. 5A). No production of IL-10 was
detected in the supernatants of Colon26 cells (data not
shown). We next evaluate the serum TGF-f and IL-10
levels in C26s.c.TB-mice. The levels of TGF-f in
C26s.c.TB-mice were significantly higher than that in
normal mice (Fig. 5B). IL-10 was not detected in all
mice sera from C26s.c. TB-mice and normal mice (data
not shown).

3.5, Serum TGF-§ levels decreased, the expression of
CD1d molecules on liver DCs increased and the antitumor
effect of a-GalCer was improved after tumor mass
reduction

We next examined serum TGF-J levels and the CDI1d
expressions on liver DCs after surgical mass reduction in
C26s.c.TB-mice. BALB/c mice were subcutaneously
injected with 3 x 10° Colon26. On day 42, most
Colon26 subcutaneous tumors were surgically excised
(C26s.cTB-ope mice). Fourteen days later, serum
TGF-p levels were evaluated, and liver DCs from
C26s.c. TB-ope mice were prepared to evaluating the
CDI1d expression in comparison with those from
C26s.c.TB-mice. The serum TGF-B levels in
C26s.c. TB-ope mice were significantly lower than those
in C26s.c.TB-mice (Fig. 6A). The expressions of CDId
on liver DCs from C26s.c.TB-ope mice were signifi-
cantly higher than those from C26s.c. TB-mice and were
similar to those from normal mice (Fig. 6B and C).
These results demonstrated that surgical tumor mass
reduction might lead to recovery of the impaired
immune circumstances in the liver of C26s.c.TB-mice.
We examined the antitumor effect of a-GalCer adminis-
tration against metastatic liver tumor in both
C26s.c.TB-mice and C26s.c.TB-ope mice. The liver
weights of a-GalCer treated C26s.c.TB-ope mice were
significantly lighter than those of «-GalCer treated
C26s.c. TB-mice (Fig. 6D). These results demonstrated
that the antitumor effect of #-GalCer against metastatic
liver tumor was improved after subcutaneous tumor
mass resection.

4. Discussion

A previous study showed that administration of -
GalCer resulted in complete rejection of Colon26 met-
astatic liver cancer in normal mice [5]. In the current
study, we evaluated the antitumor effect of a-GalCer
against the same Colon26 metastatic liver tumor
model in C26s.c.TB-mice. a-GalCer treatment resulted
in complete rejection of metasatic Colon26 liver tumor
in normal mice, but the antitumor effect of x-GalCer
against metastatic liver (umor was significantly
impaired in C26s.c.TB-mice. These results were consis-
tent with the clinical data of «-GalCer treatment in
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Fig. 6. Evaluation of serum TGF-f and CD1d expression on liver DCs and the antitumor effect of =-GalCer against metastatic liver tumor in surgical
treated C26s.c.TB-mice. At 42 days, Colon26 subcutaneous tumors in C26s.c.TB-mice were surgically excised. Fourteen days later, liver DCs from
surgically treated mice were prepared for comparison with liver DCs isolated from 42-day C26s.c.TB-mice. (A) Mice sera from C26s.c.TB-mice
(C265.c.TB) or surgically treated C26s.c.TB-mice (C26s.c.TB-ope) were harvested and were subjected to mouse TGF-fi ELISA. Cytokine levels are
reported in pg/ml (mean £ SD of triplicate samples), *p < 0,05, (B, C) The expressions of CD1d on liver DCs from C26s.c. TB-mice (C26s.c.TB) or
surgically treated C26s.c.TB-mice (C26s.c.TB-ope) were evaluated by flow cytometry. The representative flow cytometry data of CD1d cxpressions on
liver DC were shown in Fig. 6B. The expression levels of CD1d molecules are reported as arbitrary MF1 (mean £ SD of triplicate samples, Fig. 6C).
#p < 0,05 vs, respective isotype control “p < 0.05 vs. CDId expression in normal mice. (D) C26s.c.TB-ope mice or C26s.c.TB-mice were injected into
spleen with § = 10° Colon26 cells, and 24 h later a-GalCer was administered intraperitoneally (V= 4 in each group). Ten days after treatment, the livers
were removed from treated mice and the liver weights of the groups were compared. “p < 0,05, 2-GalCer treated C26s,c.TB-ope mice vs a-GalCer treated

C265.c.TB-mice.

patients with advanced cancer, and encouraged us to
investigate the detailed mechanism of the markedly
reduced antitumor effect of «-GalCer in TB-mice to
establish  better z-GalCer treatment for cancer
patients,

DCs have been implicated in the activation of NKT
and NK cells in both mice and humans [1,6,12-17]. a-
GalCer presented by CDI1d molecules expressed on
DCs activates NKT cells via recognition between
CDId molecules and Vauld-Ju281 invariant antigen
receptor in mice [18]. Thus the expression of CD1d mol-
ecules on DCs is believed to be important for activation
of NKT cells. Our study demonstrated that CDIld
expressions on bone marrow-derived DCs were similar
between normal and C26s.c. TB-mice, suggesting that
the ability of differentiating DCs from precursor cells
in bone marrow were same in both normal and
C26s.c.TB-mice. In contrast, the CDI1d expressions of
liver DCs and spleen DCs in C26s.c. TB-mice were lower
than those in normal mice. This is not unique to
C26s.c.TB-mice. because decreased expression of
CDI1d molecules on liver DCs (not bone marrow-

derived DCs) was also observed in CMS4 mouse sar-
coma or BNL mouse hepatoma TB-mice (Tatsumi,
unpublished data). These results suggested that some
systemic immunosuppressive factors might modify the
CD1d expression on DCs in TB-mice. Osman et al. dem-
onstrated that a-GalCer administration resulted in acti-
vation of liver NKT cells with significant early
disappearance of liver NKT cells in normal mice [19].
They also demonstrated that these phenomenon were
not observed in CDId(—/—) mice, suggesting that
CDId expressions play essential roles of liver NKT acti-
vation [19]. In our study, the early decreases of liver
NKT cells were not observed after a-GalCer treatment
in C26s.c.TB-mice. Based on these observations, the
decreased expression of CD1d molecules on DCs might
be associated with the impaired activation of liver innate
immunity, thus resulting in an impaired antitumor effect
of a-GalCer.

A normal mice liver contains lymphocytes that are
usually enriched with NK and NKT cells; ie, 25%
NK cells and 30% NKT cells in contrast to peripheral
blood that contains only 10% NK and 5% NKT cells
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[20.21]. Efficient activation of abundant NKT cells and
NK cells in the liver might be important in an anti-
tumor effect against liver tumor. We and others have
previously reported that sequential activation of both
NKT cells and NK cells could be observed in the liver
after o-GalCer admimstration. Although most NKT
cells had disappeared from the liver within 12 h of «-
GalCer administration [4,19], the antitumor effect
against disseminated liver tumor depends on NK cells
in the x-GalCer treatment, evidenced by that depletion
of NK cells abolished the anti-metastatic tumor effect
[4]. In the present study, we found the impairment of
both the cytolytic activity of NK cells and an increase
of the NK cell proportion in whole liver MNC in a-Gal-
Cer-treated C26s.c.TB-mice. These findings also offer
the evidence that insufficient activation of liver NK cells
might be associated with a poor antitumor effect of
a-GalCer in TB-mice. The expressions of antigen-pre-
senting related molecules, CD80 and CD86, on liver
DCs in C26s.c.TB-mice were also lower than those in
normal mice. Taken together, the presence of a tumor
mass might modify the innate immune response in the
liver and the maturation of liver DCs in TB-mice.
Several previous reports have demonstrated that
TGF-p and IL-10 inhibit CDId expression on DCs
[10,11]. We hypothesize that the decreased expressions
of CDId might be associated with these immunosup-
pressive cytokines derived from the tumor mass. Our
study demonstrated that Colon26 cells produce a large
amount of TGF-f. but not IL-10, and that serum
TGF-} level in C26s.c.TB-mice was significantly higher
than that in normal mice, while the serum 1L-10 level
was not. Our results suggested that tumor-derived
TGF-p muight decrease CD1d expressions on liver DCs
in C26s.c.TB-mice. Biswas et al. demonstrated that
administration of anti-TGF-f neutralizing antibody
inhibited metastatic cancer [22], suggesting that if the
tumor-derived TGF-B had decreased in TB-mice, the
liver immunological environment might be improved
to develop antitumor immunity. Based on these results,
we next examined serum TGF-[§ levels and the CDId
expression on liver DCs after surgical subcutaneous
mass resection. Fourteen days after surgical resection,
serum TGF-f in treated C26s.c.TB-mice had signifi-
cantly decreased and the expressions of CDI1d on liver
DCs from treated C26s.c.TB-mice had significantly
increased and recovered to the level of normal mice, sug-
gesting that Colon26 tumor tissue derived TGF- might
modify the CD1d expression on liver DCs, More impor-
tantly. we demonstrated that the antitumor effect of
«-GalCer against metastatic liver tumor was signifi-
cantly improved in C26s.c.TB-ope mice. We believe that
if complete resection of primary tumor could be
achieved, the liver immune microenvironment might be
expected to recover dramatically and cancer immuno-
therapy using o-GalCer might lead to better outcomes.

de Lalla et al. reported that the human invariant
NKT cells are significantly enriched in chronically
inflamed livers as compared with noninflamed ones
although human liver harbors significantly less invariant
NKT cells than the mouse one [23], suggesting that
human invanant NKT cells might also play important
roles in developing the chronic liver disease. Although
the frequency of invariant Va24 NKT cells is very low
in humans, V24 NKT cells can be expanded by the
stimulation of «-GalCer in cancer patients [7]. These
suggested that the effector function of invariant NKT
cells in human liver might be important for the establish-
ing of new cancer treatments of «-GalCer.

The liver is the most common site of metastasis of
gastrointestinal cancers (i.e., colorectal cancer, gastric
cancer and pancreatic cancer). Thus, new therapeutic
approaches of cancer immunotherapy for advanced liver
tumor need to be developed. Our report is the first
report demonstrating that the presence of a tumor mass
might inhibit the activation of liver innate immune cells
by a-GalCer due to decreased expression of CDId on
liver DCs. These findings indicate that «-GalCer treat-
ment may represent a promising approach to preventing
liver metastasis if the primary tumor can be completely
controlled.
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