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patients (13). Thus, drug sensitivity appears to be one of
the major determinants of the prognosis of advanced
HCC patients treated with chemotherapy. Therefore, a
hallmark of successful treatment would be the identifica-
tion of useful biomarkers for determining the survival
benefits offered by each treatment strategy.

In this study, we investigated the gene expression
profiles of HCCs using serial analysis of gene expression
(SAGE) to identify novel molecular markers or targets
for the treatment of HCC (14-18). Here, we identified
the upregulation of the DUT gene that encodes dUTP
pyrophosphatase (dUTPase) in HCC. Markedly, HCC
with a high nuclear dUTPase expression correlated with a
poorly differentiated morphology and a poor prognosis.
DUT gene knockdown not only suppressed cell prolifera-
tion but also sensitized HuH7 cells to low-dose 5-FU.

Materials and methods
Samples

Al HCC tissues, adjacent non-cancerous liver tissues and
normal liver tissues were obtained from 110 patients
undergoing a hepatectomy between 1997 and 2006 in
Kanazawa University Hospital, Kanazawa, Japan. Five
normal liver tissue samples were obtained from patients
undergoing surgical resection of the liver for the treat-
ment of metastatic colon cancer. These samples were
snap-frozen in liquid nitrogen immediately after resec-
tion. One hundred and five HCC and surrounding non-
cancerous liver samples were obtained from patients
undergoing surgical resection of the liver for HCC
treatment, and part of these samples were used for the
recent study (19). Three HCC and adjacent non-cancer-
ous liver tissue samples were snap-frozen in liquid
nitrogen and later used for SAGE. Twenty HCC tissues
and their corresponding non-cancerous liver tissues were
also snap-frozen and later used for real-time reverse
transcription-polymerase chain reaction (RT-PCR) ana-
lysis, as described previously (19). Eighty-two additional
HCC samples were formalin-fixed, paraffin-embedded
and used for immunohistochemistry (IHC). HCC and
adjacent non-cancerous liver tissues were histologically
characterized, as reported elsewhere (19).

All strategies used for gene expression analysis as well
as tissue acquisition processes were approved by the
Ethics Committee and the Institutional Review Board of
Kanazawa University Hospital. All procedures and risks
were explained verbally to each patient, who then pro-
vided written informed consent.

Serial analysis of gene expression

Total RNA was purified from each homogenized tissue
sample using a ToTally RNA extraction kit (Ambion Inc.,
Austin, TX, USA), and polyadenylated RNA was isolated
using a MicroPoly (A) Pure kit (Ambion). A total of
2.5 pg of mRNA per sample was analysed by SAGE (20,
21). SAGE libraries were randomly sequenced at the
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Genomic Research Center (Shimadzu-Biotechnology,
Kyoto, Japan), and the sequence files were analysed with
SAGE 2000 software. The size of each SAGE library was
normalized to 300000 transcripts per library, and the
abundance of transcripts was compared with sace 2000
software. Monte Carlo simulation was used for selecting
genes whose expression levels were significantly different
between the two libraries (22). Each SAGE tag was
annotated using a gene-mapping website SAGE Genie
database (http://cgap.nci.nih.gov/SAGE/) and the Source
database  (http://smd.stanford.edu/cgi-bin/source/sour
ceSearch), as described previously (23).

Quantitative reverse transcription-polymerase chain
reaction

A 1 pg aliquot of each total RNA was reverse-transcribed
using SuperScript II reverse-transcriptase (Invitrogen,
Carlsbad, CA, USA). Real-time RT-PCR analysis was
performed using the ABI PRISM 7700 sequence detec-
tion system (Applied Biosystems, Foster City, CA, USA).
Using the standard curve method, quantitative PCR was
performed in duplicate for each sample—primer set. Each
sample was normalized relative to P actin. The assay
IDs used were Hs00798995 s1 for dUTPase and
Hs99999903_m1 for f actin.

RNA interference targeting DUT

Small interfering RNAs (siRNAs) targeting DUT or
control (scrambled sequence) were synthesized by Dhar-
macon (Dharmacon Research Inc., Lafayette, CO, USA).
The target sequences of DUT are 5'-AAGUUGU
GAAAACGGACAUUC-3’ (DUTI) and 5'-CGGACAUU
CAGAUAGCGCUTT-3’ (DUT2). Lipofectamine 2000™
reagent (Invitrogen) was used for transfection according
to the manufacturer’s instructions.

Cell proliferation assay, soft agar assay and matrigel
invasion assay

Cell proliferation assays were performed using a Cell
Titer96 Aqueous kit in quintuplicate (Promega, Madi-
son, WI, USA). For the soft agar assay, 1 x 10* cells were
suspended in 2ml of 0.36% agar with growth medium
and added in each well of a six-well plate containing a
base layer of 0.72% agar. The plates were incubated at
37°C in a 5% CO, incubator for 2 weeks. Matri%el
invasion assays were performed using BD BioCoat'™
Matrigel Matrix Cell Culture Inserts and Control Inserts
(BD Biosciences, San Jose, CA, USA), as described in the
manufacturer’s instruction. 5-FU was obtained from
Kyowa Kirin (Kyowa Kirin, Tokyo, Japan). All experi-
ments were repeated at least twice.

Immunohistochemistry

Mouse monoclonal anti-dUTPase antibody M01 (Abnova
Corporation, Taipei, Taiwan) and mouse antiproliferating
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cell nuclear antigen (PCNA) monoclonal antibody PC10
(Calbiochem, San Diego, CA, USA) were used to evaluate
the immunoreactivity of HCC and adjacent non-cancer-
ous liver samples using a Dako EnVision+ ™ kit (Dako,
Carpinteria, CA, USA), according to the manufacturer’s
instruction. Immunoreactivity was evaluated by deter-
mining the percentage of cells expressing dUTPase in the
examined fields, graded as low (0-50%) or high
( > 50%). The PCNA index was evaluated as described
previously (19).

Statistical analysis

Student’s f-test was used to determine the statistical
significance of the differences in cell viability between
the two groups. The Mann—Whitney U-test was used for
the analysis of gene expression between chronic liver
disease (CLD) and HCC tissues. The xz-test was used to
evaluate the correlation between clinicopathological
characteristics and dUTPase expression status. Univari-
ate and multivariate Cox proportional hazards regression
analysis was used to evaluate the association of dUTPase
expression and clinicopathological parameters with
patient outcome. All statistical analyses were performed
using spss software (spss software package; SPSS Inc.,
Chicago, IL, USA) and GrapHPAD PRISM software (Graph-
Pad Software Inc., La Jolla, CA, USA).

Results

Gene expression profiling identified the overexpression of
DUT in hepatocellular carcinoma

To overcome the considerable individual variability of
transcriptomic characteristics, we constructed a SAGE
library of normal human liver using RNAs derived from
five normal liver tissues. In addition, we constructed two
SAGE libraries derived from three HCC tissues or corre-
sponding non-cancerous liver tissues from patients who
developed HCC with a history of chronic hepatitis C. We
detected a total of 226 267 tags corresponding to 45746
unique tags from these SAGE libraries (supporting infor-
mation Table S1). After excluding the tags detected only
once in each library, we selected 15333 reliable unique
transcripts expressed in at least one of the SAGE libraries
to avoid contamination of tags derived from sequence
errors. Then, we annotated these transcripts using SAGE
Genie database and the Source database to identify the
potential subcellular localization of transcripts categorized
into eight groups in each SAGE library.

The number of nuclear component-related tran-
scripts was increased in the HCC library compared
with the normal liver and non-cancerous liver libraries,
whereas the other cellular component-related tran-
scripts did not show this tendency (supporting infor-
mation Fig. S1). Because nuclear component-related
genes may closely correlate with cancer cell prolifera-
tion and chemosensitivity (24), we further investigated
the expression of nuclear component-related tags in
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each library, and identified 10 transcripts associated
with nucleotide/nucleoside metabolism that are over-
expressed in HCC (Table 1). Using Monte Carlo simu-
lation, we evaluated the significance of differentially
expressed transcripts in HCC and corresponding CLD
libraries or in HCC and normal liver libraries. We
identified a DUT gene encoding dUTPase (dUTPase)
whose expression was significantly altered (P=0.01).
We also identified a TS gene encoding thymidylate
synthase in the list, but the difference did not reach
statistical significance.

dUTPase is a phosphatase known to maintain a dUMP
pool by catalysing the hydrolysis of dUTP to dUMP, and
thus provides a substrate of thymidylate synthase. Its role
in HCC is unknown; therefore, we examined DUT
expression in 20 independent HCC and corresponding
non-cancerous liver tissues, and identified significant
overexpression of DUT in HCC tissue (P=0.0015) (Fig.
1A). Moreover, we detected more than a two-fold in-
crease in DUT expression in 70% of HBV-related and
HCV-related HCC cases (14 of 20 HCCs) compared with
the non-cancerous liver tissues (Fig. 1B). We further
examined the expression of DUT in 238 HCC tissues
compared with the non-cancerous liver tissues using
publicly available microarray data (GSE5975) (Fig. S2).
Consistent with the SAGE data, DUT was overexpressed
more than two-fold in 121 of 238 HCC tissues (median:
2.03), whereas TS was overexpressed more than two-fold
in 54 of 238 HCC tissues (median: 1.41) compared with
the non-cancerous liver tissues.

Pivotal role of dUTP pyrophosphatase expression in cell
proliferation in hepatocellular carcinoma cell lines

In general, cancer gene signatures discovered by compar-
ison between tumour and non-tumour tissues are more
likely to reflect the differences in the control of cell
proliferation and growth (25). Accordingly, we investi-
gated the function of dUTPase in cell proliferation in
HuH?7 cells by DUT gene knockdown. DUT expression
was decreased by 60-70% following the transfection of
the siRNA constructs specifically targeting DUT 48 h
after transfection (DUTI in Fig. 2A and DUT2 in Fig.
S3A), and cell growth was significantly inhibited com-
pared with the control 72 h after transfection (Fig. 2B and
Fig. S3B). Anchorage-independent cell growth was also
significantly impaired by DUT gene knockdown 14 days
after transfection (Fig. 2C). Furthermore, DUT gene
knockdown decreased the numbers of both migrating
and invading cells 72 h after transfection (Fig. 2D and E).

dUTPase is known to be associated with thymidylate
synthesis (26), and thus we evaluated the effects of 5-FU,
a thymidylate synthase inhibitor, on dUTPase expression
in HCC cell lines in vitro. When we treated HuH?7 cells
with low-dose 5-FU (0.25 mg/ml), we could not detect
any growth-inhibitory effects (Fig. 2F). Based on this
condition, we evaluated the effect of DUT gene knock-
down on 5-FU sensitivity 72h after transfection.

Liver International (2009)
© 2009 John Wiley & Sons A/S

- 121 -



Takatori et al.

dUTPase activation in HCC

Table 1. Genes associated with nucleic acid metabolism overexpressed in hepatocellular carcinoma

Normal  Non-cancerous
Tag sequence liver liver HCC Fold*  Gene P-valuet
CAGCTCCGCT 0 2 1 5.5 dUTP pyrophosphatase 0.010
AAAGGATAAT 0 0 3 >3 General transcription factor Il H, polypeptide 2 0.127
ACGGTCCAGG O 0 3 >3 Cytidine deaminase 0.127
ATGTAGAGTG 0 0 3 >3 Thymidylate synthase 0.127
TGGGGATTAC 1 0 3 >3 Zinc ribbon domain containing, 1 0.127
CACCCTGTAC 2 2 6 3 Solute carrier family 29 0.147
GAACGCCTAA 1 1 3 3 Dihydropyrimidinase-like 2 0.308
GCGCTGGTAC 0 1 3 3 2'-5'-oligoadenylate synthetase 3 0.308
CTTAGTGCAA 0 2 4 2 3’-phosphoadenosine 5'-phosphosulphate synthase 2 0.335
TTGTTACATC 0 2 3 1.5 Phosphoribosyl pyrophosphatase synthetase-associated protein 1 0.506

*Fold increase was calculated by dividing the number of tags in HCC by that of tags in non-cancerous liver. To avoid division by 0, a tag value of 1 was

used for any tag that was not detectable in one sample.

#Statistical significance of differentially expressed genes between two groups (HCC and non-cancerous liver libraries) was calculated using Monte Carlo

simulation.
HCC, hepatocellular carcinoma.
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Fig. 1. (A) Quantitative reverse transcription-polymerase chain
reaction analysis of DUT expression in hepatocellular carcinoma
(HCC) and corresponding non-cancerous liver tissues. DUT was
significantly activated in HCC tissues compared with non-cancerous
liver tissues (P=0.0015). A median value in each group is indicated.
(B) DUT gene expression ratios of HCC and corresponding non-
cancerous liver tissues. Fourteen of 20 HCC tissues expressed DUT
more than two-fold compared with the background non-cancerous
liver tissues. HBV, hepatitis B virus; HCV, hepatitis C virus.
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Interestingly, DUT gene knockdown not only suppressed
cell proliferation but also sensitized HuH7 cells to
low-dose 5-FU (Fig. 2F and Fig. S3B). These data suggest
that dUTPase overexpression in HCC tissues may be
associated with enhanced cell proliferation and 5-FU
resistance.

Intense dUTP pyrophosphatase expression is correlated
with a poor prognosis in hepatocellular carcinoma
patients

To characterize the clinicopathological characteristics of
dUTPase expression in HCC, we performed IHC using
an additional independent HCC cohort. Accordingly, we
explored the dUTPase expression in HCC using 82
formalin-fixed paraffin-embedded HCC specimens. All
HCC tissues were surgically resected at the Liver Disease
Center of Kanazawa University Hospital with full clinical
information, and their immunoreactivity to anti-dUT-
Pase antibodies was evaluated by IHC. We noticed that
anti-dUTPase antibodies reacted to both nuclear (red
arrows) and cytoplasmic (blue arrows) isoforms of
dUTPase, as described previously (26) (Fig. 3A and B).
We therefore evaluated the nuclear and cytoplasmic
expression of dUTPase separately. We stratified HCC
tissues and evaluated the dUTPase expression status
based on the percentages of dUTPase-positive cells. The
frequency of nuclear or cytoplasmic dUTPase-positive
cells was highly variable in each HCC tissue, and we
defined HCCs with nuclear or cytoplasmic dUTPase
expressed in >50% of tumour cells as nuclear or
cytoplasmic dUTPase-high HCC (Fig. 3C). Nuclear
dUTPase overexpression was detected in 36.6% (30 of
82), whereas cytoplasmic dUTPase overexpression was
detected in 67.1% (55 of 82) of HCC tissues compared
with the corresponding non-cancerous liver tissues
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Fig. 2. (A) Transfection of small interfering RNAs targeting DUT (DUT1) decreased DUT expression compared with the control (scrambled
sequence). Gene expression was evaluated in triplicate 72 h after transfection (mean + SD). (B) DUT gene knockdown significantly suppressed
cell proliferation (P < 0.0001). Cell viability was evaluated in triplicate 72 h after transfection (mean + SD). (C) Soft agar assay. DUT gene
knockdown suppressed anchorage-independent cell growth. (D and E) Matrigel invasion assay. DUT gene knockdown decreased the numbers
of both migrating and invading cells. Experiments were performed in triplicate (mean = SD). (F) DUT gene knockdown sensitized HuH7 cells to
low-dose 5-fluorouracil (5-FU) (0.25 pg/ml), which had no effect on the cell proliferation in the control (mean + SD).

(Table 2). In general, non-cancerous hepatocytes rarely
expressed nuclear dUTPase (Fig. 3A).

We investigated the clinicopathological characteristics
of nuclear or cytoplasmic dUTPase in low /high HCC
cases (Table 2). The expression status of nuclear dUTPase
showed no correlation with age, gender, virus, presence
of cirrhosis, a-fetoprotein value, tumour size and TNM
stages. However, nuclear dUTPase expression was signifi-
cantly correlated with the histological grades of HCC
(P=0.0099), and high frequencies of nuclear dUTPase-
positive cells were associated with poorly differentiated
cell morphology in the HCC tissue. In contrast, cyto-
plasmic dUTPase expression was not correlated with the
histological grades of HCC (P=0.077). We examined the
cell proliferation of these HCC samples by PCNA stain-
ing, and PCNA indexes were significantly higher in
nuclear dUTPase high HCC than low HCC with statis-
tical significance (P=0.01) (Fig. S4).
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We further investigated the prognostic significance of
dUTPase expression in HCC. Strikingly, high nuclear
dUTPase expression in HCC tissue correlated with a
poor survival outcome compared with low nuclear
dUTPase expression (P = 0.0036), whereas high cytoplas-
mic dUTPase expression had little effects when evaluated
by recurrence-free survival (Fig. 3D). Furthermore, uni-
variate Cox regression analysis showed a significant
correlation between high nuclear dUTPase expression
and a high risk of mortality (HR, 2.47; 95% CI,
1.08-5.66; P=0.032; Table 3). By multivariate Cox
regression analysis, TNM stage (HR, 2.75; 95% CI,
1.11-6.79; P=0.027) and nuclear dUTPase (HR, 2.61;
95% CI, 1.13-6.05; P=0.024) were independent prog-
nostic factors associated with a high risk of mortality, and
other clinicopathological features did not add indepen-
dent prognostic information. These data indicate a sig-
nificant correlation between the malignant potential of
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Fig. 3. Immunochistochemistry analysis of dUTP pyrophosphatase (dUTPase) expression in hepatocellular carcinoma (HCC). (A) A
representative photomicrograph of dUTPase staining in an HCC and adjacent non-cancerous liver tissue. (B) A representative photomicrograph
of dUTPase staining in an HCC. Both nuclear (red arrows) and cytoplasmic (blue arrows) forms of dUTPase were detected. (C) Representative
photomicrographs of HCC tissues with low (0-50%) and high (=50%) frequencies of nuclear and cytoplasmic dUTPase-positive cells.

(D and E) Kaplan-Meier survival analysis of HCC tissues with nuclear (D) or cytoplasmic (E) dUTPase expression. High percentages of nuclear
dUTPase-positive tumour cells significantly correlated with poor clinical outcome in recurrence-free survival.

HCC and nuclear dUTPase expression, implicating the
potential effectiveness of nuclear dUTPase level as a
biomarker for predicting the survival of HCC patients
after surgical resection.

Discussion

Here, using a global gene expression profiling approach
(18), we have identified the activation of the nucleotide/
nucleoside metabolism-related gene DUT (encoding
dUTPase) in HCC. Notably, an intense dUTPase expres-
sion was detected in a subset of HCC with a poor
prognosis. To the best of our knowledge, this is the first

Liver International (2009)
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report describing the correlation between dUTPase acti-
vation and poor survival outcome in HCC patients.

In normal cells, dUTPase is known to catalyse the
hydrolysis of dUTP to dUMP in order to maintain the
dUMP pool at a certain level for thymidylate synthesis
(26). Interestingly, dUTPase mutations in Escherichia coli
increased dUTP levels, leading to dUTP misincorpora-
tion into DNA during replication, which resulted in DNA
fragmentation and apoptosis (27). Furthermore, intro-
duction of E. coli dUTPase into human tumour cells
resulted in the induction of resistance to fluorodeoxyur-
idine cytotoxicity (28), suggesting a pivotal role of
dUTPase in the prevention of DNA damage. Thus,
dUTPase activation in the nucleus appears to be critical
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Table 2. Clinicopathological characteristics and dUTP pyropho-
sphatase expression in hepatocellular carcinoma (n=82)

Low High

dUTPase expression (nuclear)  (n=52) (n=30) P-value
Age ( < 60years/>60years)  19/33 8/22 0.36
Sex (male/female) 36/16 2377 0.47
Virus (HBV/HCV/B+C/NBNC)  15/33/1/3  10/20/0/0  0.48
Cirrhosis (yes/no) 33/19 22/8 0.36
AFP ( < 20ng/ml/>20ng/ml)  32/20 15/15 0.31
Histological grade™

I 14 3

11l 36 20

- 2 7 0.0099
Tumour size (< 3cm/>3cm)  31/21 19/11 0.74
TNM classificationt (I, I/, IV) ~ 43/9 25/5 0.94
dUTPase expression Low High
(cytoplasmic) (n=27) (n=55) P-value
Age ( < 60 years/>60vyears) 10717 17/38 0.58
Sex (male/female) 19/8 40/15 0.82
Virus (HBV/HCV/B+C/NBNC)  8/17/1/1 17/36/0/2  0.56
Cirrhosis {yes/no) 17/10 38/17 0.58
AFP (< 20ng/ml/=20ng/ml)  16/11 31724 0.80
Histological grade™

I 7 10

11 20 36

-V 0 9 0.077
Tumour size ( < 3cm/=3cm)  17/10 33722 0.80
TNM classificationt
{0, 1, vy 21/6 47/8 0.39

*Edmondson-Steiner grades.

+UICC TNM classification of liver cancer, 6th edition (2002).

AFP, a-fetoprotein; dUTPase, dUTP pyrophosphatase; HBV, hepatitis B
virus; HCV, hepatitis C virus.

for preventing DNA damage possibly at the S phase.
Specifically, this activation may prevent dUTP misincor-
poration in various cancers and thus avert DNA damage
and apoptosis induction. Indeed, dUTPase activation has
recently been reported in colorectal and brain cancer (29,
30), and dUTPase accumulation might correlate with 5-
FU-based chemotherapy resistance and poor prognosis
in colorectal cancer (26).

If dUTPase activation plays a central role in the
development of resistance to thymidylate synthase in-
hibitors in order to prevent a DNA damage response,
dUTPase inhibition may facilitate the eradication of
cancer cells by sensitizing these cells to such inhibitors.
Indeed, a recent study suggested a drastic sensitization of
colon cancer cells to 5-FU by siRNAs-mediated dUTPase
suppression (31, 32), which is consistent with our
current observation. Because all HCC samples used in
this study were surgically resected, we could not evaluate
the effect of dUTPase expression on clinical HCC
patients’ outcome in relation to chemosensitivity to
thymidylate synthase inhibitors. Nevertheless, intense
nuclear dUTPase expression may be a good biomarker

Takatori et al.

Table 3. Cox regression analysis of recurrence-free survival rate
relative to dUTP pyrophosphatase expression and clinicopathological
parameters (n=82)

Univariate Multivariate
HR HR
Variables (n) (95% C) P-value (95% ClI) P-value
Child-Pugh
A 1
B 1.73 0.38
(0.50-5.97)
Tumour size
< 3am (n=>50) 1
>3cm{n=32) 1.58 0.28
(0.69-3.63)
TNM stage™
I, Il (n=68) 1 1
I, V{n=14) 2.57 0.039 275 0.027
{1.05-6.29) (1.11-6.79)
Serum AFP
< 20ng/ml(n=49) 1
>20ng/ml{n=38) 1.54 0.31
(0.66-3.56)
Microvascular invasion
No 1
Yes 1.98 0.095
{0.89-4.44)
BCLC stage
A 1
B/C 2.16 0.07
(0.93-5.00)
Cytoplasmic dUTPase
Low (n=27) 1
High (n=55) 1.15 0.73
(0.50-2.62)
Nuclear dUTPase
Low (n=52) 1 1
High (n=30) 2.47 0.032 2.61 0.024
(1.08-5.66) (1.13-6.05)

*UICC TNM classification of liver cancer, 6th edition (2002).
AFP, a-fetoprotein; Cl, confidence intervals; dUTPase, dUTP pyropho-
sphatase; HR, hazard ratio.

for predicting the response to thymidylate synthase
inhibitors, and its usefulness should be further evaluated
in the future.

In conclusion, comprehensive gene expression profiling
shed new light on the role of dUTPase in HCC. Nuclear
dUTPase accumulation is potentially a good biomarker
for predicting poor prognosis in HCC patients, and the
development of a dUTPase inhibitor may promote the
possibility of tumour eradication in HCC patients.
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CD14" Monocytes Are Vulnerable and Functionally
Impaired Under Endoplasmic Reticulum Stress in
Patients With Type 2 Diabetes
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OBJECTIVE—Although patients with diabetes suffer from in-
creased infections and a higher incidence of cancer due to
impaired immune function, details on diabetes-induced decrease
in immunity are lacking. We assessed how immune-mediating
peripheral blood mononuclear cells (PBMCs) are affected in
diabetes.

RESEARCH DESIGN AND METHODS—From 33 patients
with type 2 diabetes and 28 healthy volunteers, we obtained
PBMCs and investigated their susceptibility to apoptosis and
functional alteration.

RESULTS—In a subpopulation of PBMCs, monocytes derived
from patients with diabetes were more susceptible to apoptosis
than monocytes from healthy volunteers. Monocytes from pa-
tients with diabetes had decreased phagocytotic activity and
were less responsive to Toll-like receptor (TLR) ligands, al-
though the expression of TLRs did not differ significantly be-
tween the two groups. Furthermore, monocytes from patients
with diabetes had a distinctly different gene expression profile
compared with monocytes from normal volunteers as assessed
with DNA microarray analysis. Specifically, quantitative real-time
detection PCR measurements showed an elevated expression of
the markers of endoplasmic reticulum (ER) stress in diabetic
monocytes, and electron microscopic examination of monocytes
revealed morphologic alterations in the ER of cells derived from
patients with diabetes. Consistently, the ER stress inducer tuni-
camycin increased apoptosis of otherwise healthy monocytes
and attenuated the proinflammatory responses to TLR ligands.

CONCLUSIONS—These data suggest that monocytes comprise
a substantially impaired subpopulation of PBMCs in patients
with diabetes and that ER stress is involved in these pathologic
changes mechanistically. This implies that the affected mono-
cytes should be investigated further to better understand diabetic
immunity. Diabetes 59:634-643, 2010
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ype 2 diabetes is the most frequent metabolic

disease and the leading cause of human morbid-

ity and mortality (1,2). Based on epidemiologic

data, patients with diabetes are immunocompro-
mised and have an increased incidence of infections in the
respiratory tract, urinary tract, and skin (3-5). The high
incidence of colorectal, breast, and pancreatic malignan-
cies in patients with diabetes is also considered to be a
consequence of diabetes-associated defects in immune
function (6,7).

Although studies on immune cells and circulating cyto-
kines have shed some light on this diabetic immunologic
phenomenon, conflicting results have been reported and
do not adequately explain the perturbed immune function
in patients with diabetes. Controversial results concerning
the phagocytotic activity of polymorphonuclear neutro-
phils and monocytes are in part due to differences in the
patients themselves, insufficient numbers in the study
populations, or inconsistencies in the collection of the
cell populations under investigation (8-11). Therefore,
further studies are needed to explain the decreased im-
mune function of patients with diabetes.

We previously investigated the gene expression signa-
tures of peripheral blood mononuclear cells (PBMCs) in
patients with diabetes and observed transcriptional ex-
pression features that were distinct from those of healthy
volunteers (12). Apoptosis-related genes were upregulated
in the PBMCs of patients with diabetes. Based on this
result, we investigated apoptotic activity and immunologic
function in PBMCs from patients with type 2 diabetes.

We observed that the CD14* monocyte fraction was the
most affected subpopulation of PBMCs from these pa-
tients; these cells were especially vulnerable to apoptosis
compared with other cell subpopulations. We alse found
that CD14" monocytes demonstrated attenuated phagocy-
totic activity and deficient Toll-like receptor (TLR) signal-
ing, both of which are important for innate immunity
(13,14). Transcriptional analysis and electron microscopic
examination of monocytes from patients with diabetes
showed evidence of endoplasmic reticulum (ER) stress,
which may underlie the functional defects in these cells.
Collectively, the data presented herein show that CD14*
monocytes are a vulnerable cell population under ER
stress in these patients that could contribute to decreases
in immune function in diabetes.

RESEARCH DESIGN AND METHODS

Thirty-three patients with type 2 diabetes (male/female, 15/18; age 62.0 = 8.6
years; AIC 9.2 = 2.0%) and 28 healthy volunteers (male/female, 15/13; age
582 + 10.2 years; A1C 54 * 0.7%) were enrolled consecutively for the
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TABLE 1
Characteristics of the study subjects

Diabetic Healthy

patients volunteers

(n =33) (n = 28) P
Age (years) 62.0 = 8.6 582 + 10.2 NS
Sex (male/female) 15/18 15/13 NS
BMI (kg/m?) 23.5 + 4.2 23.6 = 4.8 NS
White blood cell counts

{ml) 4,800 + 1,700 5,600 = 1,900 NS
Lymphocytes (%) 235+ 35 22.7+ 25 NS
Monocytes (%) 52+ 1.6 6.1 +23 NS
Hemoglobin (g/dl) 141+13 13.6 + 1.6 NS
Total cholesterol (mg/dl) 182 = 24 180 = 35 NS
Triglyceride (mg/dl) 138 + 37 163 = 33 NS
FPG (mg/dD) 185 + 38 86 74  <0.001
AlC (%) 9.2=+20 54 +0.7 <0.001
Diabetic complications
(+/=)* 19/14 NA

Insulin treatment (+/-) 10/23 NA

Data are means = SD. *Diabetic complications: nephropathy, neu-
ropathy, retinopathy, macroangiopathy. FPG, fasting plasma glucose;
NA, not applicable.

apoptosis assay (Table 1). The groups were not significantly different in terms
of their clinical parameters, except for the fasting plasma glucose and A1C
levels. The patients with diabetes (n = 16) from whom adequate numbers of
monocytes were obtained were enrolled for additional experiments along with
17 other patients with diabetes (male/female, 8/9; age 60.5 + 7.2 years; AIC
8.8 = 1.8%) whose clinical profiles fit the diabetic profile (Table 1). Informed
consent for this study was obtained from all subjects. The experimental
protocol was carried out in accordance with the Declaration of Helsinki.
Isolation of subpopulations of PBMCs and flow cytometric analysis,
PBMCs were freshly isolated from heparinized venous blood using Ficoll-
Hypaque (Sigma-Aldrich, St. Louis, MO) as previously described (12). CD4*
T-cell and CD14" monocyte subpopulations were isolated using a magnetic
cell sorting system in accordance with the manufacturer’s protocol (Miltenyi
Biotec, Bergisch Gladbach, Germany). Isolated cells were purified by >90% as
measured by flow cytometric analysis using FACSCalibur flow cytometer (BD
Biosciences, San Jose, CA). To assess the expression of TLRs on monocytes,
PBMCs were incubated with phosphatidylethanolamine (PE)-labeled anti-
TLR2, -TLR3, or -TLR4 (eBioscience, San Diego, CA) and fluorescein isothio-
cyanate (FITC)-labeled anti-CD14 antibodies (BD Biosciences) and analyzed
by flow cytometry. Data were analyzed using CELLQuest Software (BD
Biosciences).

Quantitative real-time detection PCR. Real-time detection (RTD)-PCR
was performed as previously described (15). Briefly, total RNA obtained from
cells using a MicroRNA isolation kit (Stratagene, La Jolla, CA) was reverse-
transcribed using 1 pg oligo (dT) primer and Super Script II Reverse
transcriptase (Invitrogen, Carlsbad, CA). The relative quantities of mRNA
expression were analyzed by RTD-PCR using ABI PRISM 7900 HT Sequence
Detection System (Applied Biosystems, Foster City, CA). All primer pairs and
probes were obtained from the TagMan assay reagents library. Expression
levels of genes were calculated with the 2722 method using either B-actin or
GAPDH as internal control genes.

Apoptotic cell detection assay. Freshly isolated PBMCs were incubated
with AIM-V (Invitrogen) serum-free culture media containing 5 or 30 mmol/l
glucose at 37°C with 5% CO, for up to 24 h. The cells were incubated with
FITC-labeled anti-CD4, -CD14, or -CD56 antibodies (BD Biosciences) and with
PE-labeled annexin-V and 7-amino-actinomycin D (7-AAD) (BD Biosciences)
in PBS containing 2% BSA (Sigma-Aldrich). Apoptotic cells were determined
by flow cytometry as the fraction of cells labeled with annexin-V that were
7-AAD negative. At least 10,000 cells per sample were analyzed.
Phagocytosis assay. Phagocytotic activity was assessed using a Phagotest
Kit (Orpegen Pharma, Heidelberg, Germany) and FITC-labeled opsonized
Escherichia coli in accordance with the manufacturer’s protocol. Briefly,
heparinized whole blood obtained from the 33 patients with diabetes and 28
healthy volunteers was incubated with FITC-labeled E. coli for 10 min at 37°C.
After removing the erythrocytes, the remaining cells were incubated with
propidium iodide to detect viable leukocytes by flow cytometry. Monocyte
populations were assessed based on cellular granularity and size as side
scatter and forward scatter, respectively, and FITC-positive cells were as-
sessed as monocytes with phagocytosed FITC-labeled E. coli.
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TLR ligand stimuli and expression of proinflammatory cytokine genes,
Peptidoglycan (PGN; 1 pg/ml) from Streptomyces sp. (Sigma-Aldrich), Poly
(I:C) (5 ng/ml; Sigma-Aldrich), and lipopolysaccharide (LPS; 2 jug/ml) from E.
coli (Sigma-Aldrich), which are TLR2, TLR3, and TLR4 ligands, respectively,
were added to monocytes (3 X 10° cells) freshly isolated from the 33 patients
and 28 healthy volunteers in AIM-V media. Before and 3 h after incubation, the
expression of tumor necrosis factor-o (TNF-o) and interleukin-18 (IL-18) was
analyzed by RTD-PCR.

Analysis of gene expression by DNA microarray. Total RNA was obtained
from CD14* monocytes using MicroRNA isolation kit (Stratagene), and the
mRNA was amplified twice using the Amino Allyl MessageAmp aRNA Kit
(Ambion, Austin, TX). The reference RNA sample was isolated from CD14"
monocytes from a 30-year-old healthy male volunteer and amplified in the
same manner. Amplified mRNA was labeled with cyanin (Cy) 5 or Cy3
{Amersham, Buckinghamshire, U.K.). Equal amounts of the amplified mRNAs
were hybridized to an oligo-DNA chip (AceGene Human Oligo Chip 30K;
Hitachi Software Engineering, Yokohama, Japan) overnight and washed prior
to image scanning.

The fluorescence intensity of each spot on the oligo-DNA chip was
obtained using cDNA Microarray Scan Array G (PerkinElmer, Wellesley, MA).
The obtained images were quantified using DNAsis array V2.6 software
(Hitachi Software Engineering). For normalization, the intensity of each spot
with oligo DNA was subtracted from that of spots without oligo DNA in the
same block. The spot was validated when the intensity was within the
intensity plus or minus a twofold range of SD within each block. By calibrating
the median as the base value, the intensities of all spots were adjusted for
normalization between Cy5 and Cy3. Hierarchic clustering of gene expression
was calibrated using the method described above using BRB Array Tools
(http:/linus.nci.nih.gov/BRB-ArrayTools.html). The nonfiltered data were log-
transformed and applied to the average linkage clustering with centered
correlation. For the functional analysis of the 813 upregulated genes, we used
GenMAPP (http://www.genmapp.org), a computer program designed for view-
ing and analyzing genome-scale data on MAPPs representing biological
pathways and any other groups of genes.

Electron microscopy. Monocytes obtained from three healthy volunteers
and three patients with diabetes were fixed with 2.5% glutaraldehyde and then
postfixed in 1% (vol/vol) cacodylate-buffered osmium tetroxide. Samples were
dehydrated in a graded series of ethanol, transferred to propylene oxide, and
embedded in Epon-Araldite (Sigma-Aldrich). Ultrathin sections were obtained
and observed under a Hitachi H-7500 electron microscope (Hitachi High-
Technologies, Hitachinaka, Japan).

Caspase-3 assay and enzyme-linked immunosorbent assay (ELISA) of
cytokines. Monocytes from a healthy volunteer were harvested and treated
with tunicamycin (1 or 5 pg/ml) in AIM-V media. Every 3 h up to 12 h after
tunicamycin treatment, we assessed apoptosis by flow cytometry as described
above. After 12 h of incubation, the expression levels of BCL-2, C/EBP
homologous protein (CHOP), and BiP (immunoglobulin heavy chain binding
protein) were assessed by RTD-PCR. The DEVD-cleaving activity of active
caspase-3 was measured using labeled Asp-Glu-Val-Asp-p-nitroanilide (DEVD-
pNA) as the substrate and the Caspase-3 Colorimetric Assay Kit (Promega,
Madison, WI) in accordance the manufacturer’s protocol. The pNA light
emission was quantified using a microtiter plate reader at a wavelength of 405
nm. In addition, we measured the production of proinflammatory cytokines by
RTD-PCR 6 h after treatment of monocytes (3 X 10° cells) with tunicamy-
cin (1 or 5 pg/ml) or the TLR ligands PGN (1 pg/ml), Poly (I:C) (5 pg/ml),
and LPS (2 pg/ml). The concentrations of TNF-o, IL-18, and IL-6 in the
culture supernatants were measured using an ELISA kit (eBioscience).
Statistical analysis. Data are expressed as means * SEM. The Mann-
Whitney U/ test was applied to assess the significant differences between the
two groups. Statistical significance was determined as P < 0.05, P < 0.01, and
P < 0.001.

RESULTS

Increased apoptosis of CD14* monocytes from patients
with diabetes. We first assessed the frequency of apoptosis
in the PBMC fractions from 33 patients with diabetes and
28 nondiabetic healthy volunteers. Apoptosis of the iso-
lated cells was assessed after 3-h incubation in AIM-V
serum-free media containing 5 mmol/ glucose (physiolog-
ical concentration in blood). As shown in Fig. 14, a
significant difference in the frequency of apoptosis was
observed in the PBMCs isolated from patients with diabe-
tes and healthy volunteers. Adding serum to AIM-V serum-
free media did not affect the difference in apoptosis (data
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FIG. 1. Monocytes contributed to the vulnerability of the PBMCs in patients with diabetes. A: PBMCs were obtained from 33 patients with diabetes and
28 healthy volunteers. Isolated PBMCs were harvested in AIM-V serum-free culture media supplemented with 5 mmol/ glncose for 3 h and incubated
with FITC-labeled anti-CD4, -CD14, or -CD56 antibodies, together with PE-labeled xin-V to the freq y of apoptotic cells in each
subpopulation of PBMCs. Apoptotic cells were identified by double-staining with PE-labeled annexin-V and 7-AAD by flow cytometry. The frequencies
of apoptotic cells determined as the annexin-V—positive and 7-AAD-negative population are expressed as means + SEM with statistical comparisons
for both groups. The nonparametric Mann-Whitney U test was used to calculate the P value. **P < 0.01, ***P < 0.001. The PBMCs of patients with
diabetes were more susceptible to apoptosis than those of healthy volunteers, and CD14* monocytes were contributors. B: Among the 33 patients with
diabetes, those with poor glycemic control reflected as A1C =9.0% were more susceptible to apoptosis in CD14* monocytes. Data are expressed as
means + SEM with a statistical comparison of both groups. *P < 0.05. C: Monocytes were isolated from 15 patients with A1C =9.0% and 18 patients
with A1C <9.0%. The expression of the BCL-2 gene in their monocytes before and after incubation in ATM-V serum-free media was assessed by
RTD-PCR. After 3-h incubation, the expression of BCL-2 was not upregulated in the poor glycemic control group (A1C 29.0% ), compared with the fair

control group (A1C <9.0%). Data are expressed as means = SEM with statistical comparisons of both groups. *P < 0.05.

not shown). The numbers of whole PBMCs and CD4,
CD14%, and CD56" cells were similar in both diabetic and
healthy subjects (data not shown). CD14" monocytes
were observed to be the major contributor to the in-
creased apoptosis measured in the PBMCs. In contrast,
apoptosis of CD4" T-cells and CD56™ natural killer (NK)
cells was not significantly different between the two
groups (Fig. 14). When the incubation period in culture
media with or without serum was extended to 24 h, ~20%
of the CD56™ NK cells of both patients with diabetes and
healthy volunteers were induced to undergo apoptosis.
When incubation period was extended to 5 days, ~5% of
CD4" T-cells of both patients with diabetes and healthy
volunteers were induced to undergo apoptosis; there was
no significant difference in cell viability of CD56" NK cells
and CD4% T-cells between the two groups (data not
shown). BCL-2 expression of CD4" T-cells was not differ-

636 DIABETES, VOL. 59, MARCH 2010

ent between the two groups (data not shown). Apoptosis
of PBMC subpopulations incubated in culture media con-
taining 30 mmol/l glucose was not different from cells
incubated in 5 mmol/l glucose-containing media (data not
shown). Moreover, the susceptibility of PBMCs from pa-
tients with diabetes to apoptosis was not related to clinical
features such as vascular complications, insulin treatment,
and fasting plasma glucose concentrations (data not
shown).

However, among the 33 patients with diabetes, the
frequency of apoptotic CD14" monocytes from those with
poor glycemic control (A1C =9.0%) was elevated com-
pared with patients with fair glycemic control (AlC
<9.0%) (Fig. 1B). Furthermore, after 3-h incubation, the
increased ratio of the expression of the antiapoptotic
gene, BCL-2, was substantially lower in monocytes from
the 15 patients with A1C =9.0% compared with the 18
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FIG. 2. Attenuated phagocytosis activity in diabetic monocytes. Whole PBMCs were incubated with FITC-labeled E. coli for 10 min followed by
propidium iodide staining and flow cytometric analysis. A: Gated propidium jodide—positive populations were viable leukocyte populations (upper
panel). The monocyte population was assessed using granularity (side scatter) and size (forward scatter) (middle panel). For the gated cells indicating
viable monocytes, FITC-positive cells were assessed as monocytes containing phagocytosed FITC-labeled E. coli (lower panel). B: The frequency of
monocytes containing phagocytosed E. coli in patients with diabetes (M, n = 33) was less than that in healthy volunteers ((J, n = 28). Data are

expressed as means + SEM. *P < 0.05.

patients having A1C <9.0%, as assessed by RTD-PCR (Fig.
1C). These data suggest that the monocytes of patients
with diabetes are susceptible to apoptosis, especially
under conditions of poor glycemic control.

Attenunated function of monocytes from patients with
diabetes. To determine whether functional alterations
exist in monocytes isolated from the 33 patients with

diabetes.diabetesjournals.org

diabetes, we cocultured the monocytes with FITC-labeled
E. coli and counted the number of fluorescent monocytes
that phagocytosed the labeled E. coli by flow cytometry.
The ratio of monocytes that phagocytosed E. coli to all
monocytes in patients with diabetes was higher than in
the healthy volunteers (Fig. 24 and B). No significant
correlation was observed between the ratio of phagocy-
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FIG. 3. Hyporesponsiveness to TLR ligand stimuli by the monocytes of patients with diabetes. A-D: Isolated CD14* monocytes from 33 patients
with diabetes (H) and 28 healthy volunteers ([]) were cultured in AIM-V serum-free media supplemented with each TLR ligand: PGN, Poly (I:C),
and LPS. After 3-h incubation, RNA was isolated from the monocytes, and the expression levels of the TNF-a and IL-1B genes were analyzed by
RTD-PCR. The basal (prestimuli) expression of TLR2, TLR3, and TLR4 (4) and TNF-« and IL-1§ (B) did not differ significantly between the two
groups. The TLR ligand-induced expression of TNF-a (C) and IL-1pB (D) was downregulated in the monocytes of patients with diabetes. Data are

expressed as means + SEM. *P < 0.05, **P < 0.01.

tosed E. coli and A1C levels among the patients (data
not shown).

Next, we assessed the responsiveness of monocytes to
external pathogenic stimuli in vitro. Monocytes typically
express pattern-recognition molecules such as the TLRs
that are important for innate immunity against various
pathogens (13,14). The expression levels of TLR2, TLR3,
and TLR4 were not significantly different between mono-
cytes from patients with diabetes and those from healthy
volunteers, as assessed by RTD-PCR (Fig. 34) and flow
cytometry (data not shown). We also found that transerip-
tional expression of TLR signal molecules (MyD88, IRAK1,
and TRAF6 for TLR2 and TLR4 signaling and TRIF for
TLR3 signaling) was not altered in diabetic monocytes
compared with nondiabetic monocytes (data not shown).
Next, we exposed the monocytes from the patients with
diabetes and healthy volunteers to the TLR ligands, PGN
(a TLR2 ligand), Poly (I:C) (a TLR3 ligand), and LPS (a
TLR4 ligand) and measured the expression of the proin-
flammatory cytokine genes, TNF-o and IL-1{3. After incu-
bation, the expression of the cytokines was not
significantly different between the groups (Fig. 3B), but the
responsiveness to PGN, Poly (I:C), and LPS was signifi-
cantly attenuated in monocytes from patients with diabe-
tes compared with those from healthy volunteers as
assessed by RTD-PCR (Fig. 3C and D). These results
demonstrate that the monocytes of patients with diabetes
are functionally impaired, which implies that they could
contribute to immune deficiency in diabetes.

638 DIABETES, VOL. 59, MARCH 2010

ER stress is a molecular feature of impaired monocytes.
To elucidate the molecular features of the diabetic mono-
cytes that were distinctly susceptible to apoptosis, DNA
microarray analysis was performed on CD14% cells iso-
lated from five randomly selected patients with diabetes
and five healthy volunteers. These subjects demonstrated
clinical features near the median of all study subjects.
Unsupervised hierarchic clustering analysis was per-
formed to assess the gene expression profiles of mono-
cytes obtained from patients with diabetes and healthy
volunteers; 17,184 filtered genes were evaluated after
excluding genes that were not expressed or those with low
expression levels that prevented their analysis in 50% of
the cases. As shown in Fig. 44, two completely discernible
clusters formed between the patients with diabetes and
the healthy volunteers.

We identified 813 genes that were upregulated in the
monocytes from patients with diabetes compared with those
of healthy volunteers (P < 0.05, Student £ test). Analysis of
the biological processes concerning these genes was per-
formed using GenMAPP. The identified genes were shown to
be involved in posttranslational protein modification systems
occurring in the Golgi apparatus or were involved in ER
stress (Table 2 and supplementary Table 1, available in an
online appendix at hitp:/diabetes.diabetesjournals.org/
cgi/content/full/db09-0659/DC1). The elevated expression
of genes related to ER stress, such as CHOP and BiP, was
confirmed using RTD-PCR; the expression of these genes
was significantly higher in the monocytes from the 33
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with fewer ribosomes on the ER membrane compared with the ER of the healthy volunteer. ER, endoplasmic reticulum; M, mitochondrion; N,

nucleus. Scale bars indicate 100 nm.

patients with diabetes than in those from the 28 healthy
volunteers (Fig. 4B). In contrast, no significant difference
in the expression of these genes was observed in CD4"
T-cells from patients with diabetes and healthy volunteers
(Fig. 4C).

Electron microscopy further confirmed ER stress in the
monocytes derived from patients with diabetes. As shown
in Fig. 4D, morphologic alterations of the ER such as
corruption of concentric, continuous, and regular layer
structure and a decreased number of ribosomes on the ER
membrane were evident from the electron photomicro-
graphic images.

diabetes.diabetesjournals.org

ER stress-induced apoptosis and attenuation of TLR
signaling in human monocytes. The results described
above indicated that the monocytes from patients with
diabetes have compromised immunologic function and
that ER stress is a distinct feature in these cells. To
determine whether ER stress could be a mechanism
underlying the observed increase in apoptosis and de-
creased responsiveness to TLR ligands, CD14" cells iso-
lated from a healthy volunteer were treated with the ER
stress inducer, tunicamycin (1 pg/ml), in AIM-V media. As
shown in Fig. 5A and B, an increased number of apoptotic
cells was observed among monocytes treated with tunica-
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TABLE 2
Biological processes for upregulated genes in monocytes of
diabetic patients

Z score  Permute P value
MAPP name

Golgi apparatus 3.383 0.000
Ribosomal proteins 3.691 0.002
Unfold protein binding 2.471 0.026
Intracellular protein

transport 2.310 0.029
Enzyme-linked receptor

protein signaling pathway 2.175 0.042
Nuclear receptor 2.316 0.043
Gametogenesis —1.998 0.049

mycin compared with untreated monocytes after >6 h of
incubation. Treatment of monocytes with a higher concen-
tration of tunicamycin (5 pg/ml) induced more apoptosis
(Fig. 5A and B), and when monocytes were treated with
tunicamycin for 12 h, the activity of the proapoptotic
protease, caspase-3, significantly increased (Fig. 5C).
Treatment with tunicamycin coordinately decreased the
expression of BCL-2 (Fig. 5D) and increased the expres-

sion of the ER stress markers, CHOP and BiP (Fig. 5E).
These results suggest that ER stress promotes apoptosis of
human monocytes.

Next, we investigated how tunicamycin-induced ER
stress affected the responsiveness of human monocytes to
TLR ligands. Treatment of monocytes with tunicamycin
for 6 h did not affect the transcriptional and translational
expression of TLR2 and TLR4 (data not shown). As shown
in Fig. 6A-C, however, the expression of the proinflamma-
tory cytokines TNF-o, IL-1B, and IL-6 was downregulated
after stimulation with TLR2 and TLR4 ligands. Further-
more, the production of TNF-a, IL-1B, and IL-6 in media
was measured by ELISA and found to decrease after
treatment of human monocytes with tunicamycin and after
stimulation with TLR2 or TLR4 ligands (Fig. 6D-F). How-
ever, tunicamycin-induced ER stress did not affect expres-
sion after treatment of monocytes with the TLR3 ligand,
Poly (I:C) (data not shown).

DISCUSSION

In the present study, we observed that PBMCs from
patients with diabetes were more susceptible to apoptosis
compared with PBMCs from healthy volunteers and that
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are expressed as means = SEM. C: Caspase-3 activity in monocytes treated with tunicamycin increased significantly at 12 h of incubation. D: The
BCL-2 expression in monocytes incubated with tunicamycin for 12 h was downregulated. E: The expression levels of the ER stress markers CHOP
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CD14" monocytes comprised the primary PBMC subpopu-
lation undergoing apoptosis. We also found that CD14*
monocytes from patients with diabetes were hyporespon-
sive to TLR ligands and that they had attenuated phago-
cytotic activity. Transcriptional analysis and electron
microscopy revealed the presence of ER stress in the
affected diabetic monocytes. Consistently, monocytes iso-
lated from nondiabetic patients showed a similar increase
in apoptosis and a weakened response to TLR ligands,
when they were treated with tunicamycin, indicating that
ER stress may be a pivotal mechanism underlying the
decreased immunologic function observed in patients with
diabetes.

As innate immune-defense mediators, monocytes are
capable of ingesting exogenous pathogens to protect the
host from infectious diseases. Previous studies have
shown that phagocytosis in diabetic neutrophils and
monocytes is attenuated (10,11). Similarly, in our study
population, monocytes from patients with diabetes were
less capable of phagocytosing E. coli pathogens compared
with monocytes derived from healthy volunteers. This
novel finding might explain, at least in part, the decrease in
immune function characteristic of patients with diabetes
(16). Nevertheless, the detailed mechanisms underlying
diabetes-induced decreases in phagocytotic activity re-
main unclear, because simple high-glucose concentration
neither affected the phagocytotic activity and TLR expres-
sion nor induced ER stress in nondiabetic monocytes in
vitro (data not shown).

The TLRs are pattern-recognition receptors that are
important for recognizing pathogens, inducing proinflam-
matory responses, and preventing the host from acquiring
infectious diseases (17-20). The expression of TLR2,

diabetes.diabetesjournals.org

TLR3, and TLR4 in CD14" monocytes was similar between
patients with diabetes and healthy volunteers. The admin-
istration of a high dose of insulin downregulates TLR
expression (21). Transformed monocyte-lineage blastoma
cells showed increased TLR expression under hyperglyce-
mic conditions in vitro (22). Type 2 diabetes is character-
ized as a state of inadequately controlled glycemia
associated with hyperinsulinemia due to peripheral insulin
resistance (1). Taken together, the TLR expression may be
affected by hyperglycemia and hyperinsulinemia in a com-
plex manner. In contrast to the previous finding that
monocytes from patients with diabetes were hypersensi-
tive to the TLR ligand, LPS (23,24), we observed that the
TNF-a and IL-1B expression from monocytes derived from
patients with type 2 diabetes diminished after exposure to
PGN, Poly I:C, and LPS—ligands of the TLR2, TLR3, and
TLR4 receptors, respectively. These data suggest that
diabetes perturbs signaling downstream of the TLRs. In
this study, we collected CD14* monocytes from PBMCs
via enrichment using magnetic beads; this protocol was
used to remove T-cells, NK cells, B-cells, dendritic cells,
and basophils from the PBMC mixture. This is in contrast
to the methodology used to isolate these cells in many
other studies, in which monocytes were obtained as
adherent cells in the culture dish or by a rosetting tech-
nique (25,26). CD14™ cells have been shown to be com-
posed of multiple subtypes of activated states; the
classical monocyte-isolation methods used in the other
studies might unknowingly remove the fraction of mono-
cytes that are susceptible to apoptosis (27). More than half
of the CD14" diabetic monocytes isolated in this study
were dead after 12-h incubation, even in media containing
physiological concentration of glucose (data not shown).
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Our current data showing attenuation of TLR responsive-
ness to ligands in diabetic monocytes suggest that initial
immune responses that are normally triggered by viruses,
bacteria, and parasites could be impaired in diabetes,
which is consistent with epidemiologic data showing a
high incidence of infection in patients with diabetes (3-5).

Gene expression and electron microscopic analysis of
monocytes derived from patients with diabetes showed
active signatures of ER stress; this is important because
ER is an organelle essential for the proper folding and
glycosylation of proteins after protein synthesis (28).
When cells are under ER stress, protein kinase R-like ER
kinase, inositol-requiring enzyme 1, and activating tran-
scription factor 6 are activated and function in the adap-
tation to stress, proper folding of proteins, and removal of
harmful unfolded proteins, respectively (29,30). However,
prolonged ER stress leads to apoptotic cell death, which is
mediated by CHOP (31). CHOP is a crucial and specific
molecule for ER stress-induced apoptosis and alters the
transcription of the BCL-2 gene family members (32). The
current study showed that diabetic monocytes had in-
creased levels of ER stress-related apoptotic molecules.
Moreover, nondiabetic monocytes treated with tunicamy-
cin, an ER stress inducer, underwent apoptosis in a
manner similar to monocytes derived from patients with
diabetes. From these data, we conclude that ER stress
contributes to the susceptibility of diabetic monocytes to
apoptosis.

We also observed that tunicamycin-induced ER stress
diminished TLR2 and TLR4 signaling without altering
expression of TLRs. Tunicamycin induces ER stress by
disturbing N-linked glycosylation (33), and previous re-
ports suggest that perturbations in this glycosylation at-
tenuate TLR2 and TLR4 signaling in vitro (34,35). Hence,
these data collectively indicate that ER stress may under-
lie decreases in TLR2 and TLR4 signaling and affect
immune function in patients with diabetes.

TLR3 signaling is different from the other TLR signaling
pathway; for example, it is independent of MyD88. TLR2
and TLR4 are expressed on the cell surface, whereas TLR3
is expressed in intracellular compartments such as endo-
somes (13), and its ligands require internalization before
signaling occurs. This suggests that disturbances in TLR3
signaling in diabetic monocytes may be due to reasons
other than ER stress. Further investigations are needed to
elucidate the detailed mechanisms of attenuated TLR
signaling in monocytes from patients with diabetes.

ER stress has been shown to be a mainstay of the
diabetic condition. Its pathologic importance in diabetes is
especially important in pancreatic B-cells, in which glu-
cose toxicity results in ER stress and insufficient insulin
secretion (36-38). The current study suggests that mono-
cytes are yet another population of cells vulnerable to
hyperglycemia-induced ER stress and dysfunction. Never-
theless, the mechanisms that render pancreatic p-cells and
monocytes vulnerable to ER stress in patients with diabe-
tes remain uncertain.

Diabetes is considered a chronic inflammatory disease.
Activated macrophages that produce proinflammatory cy-
tokines such as TNF-o, IL-1B, and IL-6 are thought to
contribute to insulin resistance in muscle and adipose
tissues (39,40). Furthermore, the atherosclerotic compli-
cations in patients with diabetes have a basis in inflamma-
tion; local inflammatory foci in atherosclerotic lesions are
commonly composed of foam cells derived from activated
macrophages (41,42). Further studies are needed to deter-
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mine whether different subpopulations of monocyte-de-
rived cells, for example, systemically circulating and
locally residing inflammatory cells, are susceptible to
hyperglycemia-induced ER stress and dysfunction.

In conclusion, our findings show that CD14™ monocytes
are susceptible to ER stress-induced alterations in inflam-
matory sighaling and apoptosis, which may play a role in
the decreased immune function observed in patients with
diabetes. Further investigations are needed to discern the
mechanisms of diabetes-induced ER stress and perturba-
tions in inflammatory signaling in CD14™" monocytes.
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Introduction

Summary

Despite curative locoregional treatments for hepatocellular carcinoma
(HCC), tumour recurrence rates remain high. The current study was designed
to assess the safety and bioactivity of infusion of dendritic cells (DCs) stimu-
lated with OK432, a streptococcus-derived anti-cancer immunotherapeutic
agent, into tumour tissues following transcatheter hepatic arterial emboliza-
tion (TAE) treatment in patients with HCC. DCs were derived from periph-
eral blood monocytes of patients with hepatitis C virus-related cirrhosis and
HCC in the presence of interleukin (IL)-4 and granulocyte-macrophage
colony-stimulating factor and stimulated with 0-1 KE/ml OK432 for 2 days.
Thirteen patients were administered with 5X 10° of DCs through arterial
catheter during the procedures of TAE treatment on day 7. The immuno-
modulatory effects and clinical responses were evaluated in comparison with
a group of 22 historical controls treated with TAE but without DC transfer.
OK432 stimulation of immature DCs promoted their maturation towards
cells with activated phenotypes, high expression of a homing receptor, fairly
well-preserved phagocytic capacity, greatly enhanced cytokine production
and effective tumoricidal activity. Administration of OK432-stimulated DCs
to patients was found to be feasible and safe. Kaplan—Meier analysis revealed
prolonged recurrence-free survival of patients treated in this manner com-
pared with the historical controls (P = 0-046, log-rank test). The bioactivity of
the transferred DCs was reflected in higher serum concentrations of the
cytokines [L-9, IL-15 and tumour necrosis factor-o and the chemokines CCL4
and CCL11. Collectively, this study suggests that a DC-based, active immu-
notherapeutic strategy in combination with locoregional treatments exerts
beneficial anti-tumour effects against liver cancer.

Keywords: dendritic cells, hepatocellular carcinoma, immunotherapy,
recurrence-free survival, transcatheter hepatic arterial embolization

cells (DCs) are the most potent type of antigen-presenting
cells in the human body, and are involved in the regulation of

Many locoregional therapeutic approaches including surgi-
cal resection, radiofrequency ablation (RFA) and transcath-
eter hepatic arterial embolization (TAE) have been taken in
the search for curative treatments of hepatocellular carci-
noma (HCC). Despite these efforts, tumour recurrence rates
remain high [1,2], probably because active hepatitis and cir-
rhosis in the surrounding non-tumour liver tissues causes de
novo development of HCC [3,4]. One strategy to reduce
tumour recurrence is to enhance anti-tumour immune
responses that may induce sufficient inhibitory effects to
prevent tumour cell growth and survival [5,6]. Dendritic

© 2010 The Authors

both innate and adaptive immune responses [7]. DC-based
immunotherapies are believed to contribute to the eradica-
tion of residual and recurrent tumour cells.

To enhance tumour antigen presentation to T lympho-
cytes, DCs have been transferred with major histocompat-
ibility complex (MHC) class I and class II genes [8] and
co-stimulatory molecules, e.g. CD40, CD80 and CD86
[9,10], and loaded with tumour-associated antigens, includ-
ing tumour lysates, peptides and RNA transfection [11]. To
induce natural killer (NK) and natural killer T (NK T) cell
activation, DCs have been stimulated and modified to
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Table 1. Patient characteristics.

Largest
Patient no. ~ Gender  Age (years) HLA TNM stages ~ No. of tumours ~ tumour (mm)  Child-Pugh KPS  Post-TAE Rx
1 M 60 All A33 111 5 35 B 100 RFA
2 M 57 All A24 I 1 21 B 100 RFA
3 M 57 All A31 111 2 39 B 100 RFA
4 M 77 A2 A24 I 2 35 A 100 RFA
5 F 83 All A24 111 3 29 B 100 RFA
6 F 74 A2 A24 II 1 35 A 100 RFA
7 F 72 A24 A33 111 3 41 B 100 RFA
8 F 65 A2 All I 4 12 B 100 RFA
9 M 71 A2 All 1I 4 16 A 100 RFA
10 M 79 All A24 I 2 40 A 100 RFA
11 M 71 A2 A24 11 1 28 A 100 RFA
12 M 56 A2 A26 11 2 25 B 100 RFA
13 M 64 A2 A33 111 2 37 B 100 RFA

M, male; E, female; TNM, tumour-node-metastasis; Child—Pugh, Child-Pugh classification; KPS, Karnofsky performance scores; TAE, transcatheter
arterial embolization; Rx, treatment; HCC, hepatocellular carcinoma; HLA, human leucocyte antigen; RFA, percutaneous radiofrequency ablation.

produce larger amounts of cytokines, e.g. interleukin (IL)-
12,1L-18 and type I interferons (IFNs)[10,12]. Furthermore,
DC migration into secondary lymphoid organs could be
induced by expression of chemokine genes, e.g. C-C
chemokine receptor-7 (CCR7) [13], and by maturation
using inflammatory cytokines [14], matrix metalloprotein-
ases and Toll-like receptor (TLR) ligands [15].

DCs stimulated with OK432, a penicillin-inactivated and
lyophilized preparation of Streptococcus pyrogenes, were sug-
gested recently to produce large amounts of T helper type 1
(Thl) cytokines, including IL-12 and IFN-y and enhance
cytotoxic T lymphocyte activity compared to a standard
mixture of cytokines [tumour necrosis factor-o. (TNF-a),
IL-1B, IL-6 and prostaglandin E, (PGE,)] [16]. Furthermore,
because OK432 modulates DC maturation through TLR-4
and the B, integrin system [16,17] and TLR-4-stimulated
DCs can abrogate the activity of regulatory T cells [18],
OK432-stimulated DCs may contribute to the induction of
anti-tumour immune responses partly by reducing the activ-
ity of suppressor cells. Recently, in addition to the orchestra-
tion of immune responses, OK432-activated DCs have
themselves been shown to mediate strong, specific cytotox-
icity towards tumour cells via CD40/CD40 ligand interac-
tions [19].

We have reported recently that combination therapy using
TAE together with immature DC infusion is safe for patients
with cirrhosis and HCC [20]. DCs were infused precisely
into tumour tissues and contributed to the recruitment and
activation of immune cells in situ. However, this approach by
itself yielded limited anti-tumour effects due probably to
insufficient stimulation of immature DCs (the preparation
of which seems closely related to therapeutic outcome
[21,22]). The current study was designed to assess the safety
and bioactivity of OK432-stimulated DC infusion into
tumour tissues following TAE treatment in patients with
cirrhosis and HCC. In addition to documenting the safety of

this approach, we found that patients treated with OK432-
stimulated DCs displayed unique cytokine and chemokine
profiles and, most importantly, experienced prolonged
recurrence-free survival.

Patients and methods

Patients

Inclusion criteria were a radiological diagnosis of primary
HCC by computed tomography (CT) angiography, hepatitis
C virus (HCV)-related HCC, a Karnofsky score of = 70%,
an age of = 20 years, informed consent and the following
normal baseline haematological parameters (within 1 week
before DC administration): haemoglobin = 8-5 g/dl; white
cell count = 2000/pl; platelet count = 50 000/pl; creatinine
< 1-5 mg/dl and liver damage A or B [23].

Exclusion criteria included severe cardiac, renal, pulmo-
nary, haematological or other systemic disease associated
with a discontinuation risk; human immunodeficiency virus
(HIV) infection; prior history of other malignancies; history
of surgery, chemotherapy or radiation therapy within 4
weeks; immunological disorders including splenectomy and
radiation to the spleen; corticosteroid or anti-histamine
therapy; current lactation; pregnancy; history of organ
transplantation; or difficulty in follow-up.

Thirteen patients (four women and nine men) presenting
at Kanazawa University Hospital between March 2004 and
June 2006 were enrolled into the study, with an age range
from 56 to 83 years (Table 1). Patients with verified radio-
logical diagnoses of HCC stage II or more were eligible and
enrolled in this study. In addition, a group of 22 historical
controls (nine women and 13 men) treated with TAE
without DC administration between July 2000 and Septem-
ber 2007 was included in this study. All patients received RFA
therapy to increase the locoregional effects 1 week later [24].
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