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Insulin Resistance in Japanese People with Nonalcoholic
Fatty Liver Disease

1*% Yumie Takeshita', Yasuji Ryu?, Hirofumi Misu’',

Munehide Matsuhisa®, Osamu Matsui?,

Ken-ichiro Kato'®, Toshinari Takamura
Tsuguhito Ota’, Kumpei Tokuyama?®, Shoichiro Nagasaka®,
Shuichi Kaneko'

1 Department of Disease Control and Homeostasis, Kanazawa University Graduate School of Medical Sciences, Kanazawa, Ishikawa, Japan, 2 Department of Radiology,
Kanazawa University Graduate School of Medical Sciences, Kanazawa, ishikawa, Japan, 3 Graduate School of Comprehensive Human Science, University of Tsukuba,
Tsukuba, Ibaraki, Japan, 4 Department of Medicine, Division of Endocrinology and Metabolism, Jichi Medical University, Shimono, Tochigi, Japan, 5 Clinical Research
Center for Diabetes, Tokushima University, Tokushima, Tokushima, Japan

Abstract

Objective: The aim of th|s study was to examine the association between ectopic fat and organ-specific msulln resistance .
(IR) in insulin-target organs m patients with nonalcohollc fatty liver disease (NAFLD).

Methods: Organ—specnflc IR in the liver (hepatlc glucose production (HGP) xfasting plasma insulin (FPI) and suppression of
HGP by insulin [%HGP)), skeletal muscle (insulin-stimulated glucose disposal [Rd]), and adipose tissue (suppression of FFA by
msuhn [%FFA]) was measured in 69 patients with NAFLD using a euglycemic hyperinsulinemic clamp with tracer infusion
(16,6-2H-lglucose). Liver fat, intramyocellular lipid (IMCL), and body composition were measured by liver biopsy, proton
magnetic resonance spectroscopy, and bloelectncal |mpedance analysrs, respectlvely

Results. HGP xFPI was sxgmfcantly correlated WIth Rd (r=—0.57, P<0 001 ), %HGP with %FFA (r=0.38, P<O 01), and Rd with
9%FFA (r=0.27, _P<0.05). Liver steatosis score was negatively associated with Rd (r=-=047, P<0.001) as well as with
HGP xFPI (r=0.43, P<0.001). Similarly, intrahepatic lipid was negatively associated with Rd (r= —0.32, P<0.05). IMCL was not
associated with Rd (r=—0.16, P=0.26). Fat mass and its percentage were associated with HGP xFPI (r=0.50, P<0.001;
r=0.48, P<0.001, respectively) and Rd (r= —0.59, P<0.001; r= —0 52, P<0.001, respectlvely), but not with %FFA (r=—0.21,
P=0.10; r=—0.001, P= =0.99, respectively).

Conclusion: Unexpectedly, fat accumulat:on in the skeletal muscle and adipose tissue was not assocnated with organ-
specific IR. Instead, liver fat was associated not only with hepatic IR but also with skeletal muscle IR, suggesting a central role
of fatty liver in systemic IR and that a network exists between liver and skeletal muscle.
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Introduction

Insulin resistance (IR) is a core pathology of type 2 diabetes
mellitus (T2DM), nonalcoholic fatty liver disease (NAFLD), and
cardiovascular diseases [1-3]. The severity of IR may differ among
the major insulin-target organs, the liver, skeletal muscle, and
adipose tissue [4]. Accumulating evidence suggests that ectopic fat
accumulation in insulin-target organs leads to development of IR
in each organ by altering oxidative stress [5-7] and gene
expression profiles [8,9]. Indeed, liver steatosis is associated with
whole-body IR, independently of body mass index (BMI) [10].

PLOS ONE | www.plosone.org

Conversely, inter-organ network and organ-derived bioactive
hormones such as adiponectin and selenoprotein P may play a role
in the development of distant organ IR [11-13]. Therefore, to
understand organ networks that sense excess energy and regulate
insulin action, elucidating the association between fat accumula-
tion and organ-specific IR among the liver, skeletal muscle, and
adipose tissue is important, especially in humans. However, no
previous studies have demonstrated the association among these
organs comprehensively and simultaneously [14,15]. In addition,
liver biopsy remains gold standard for diagnosis of NAFLD
because it more accurately measures liver fat than proton
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magnetic resonance spectroscopy ((H-MRS) under some condi-
tions [16].

The present study try to address the association of organ-specific
IR with ectopic fat among the liver, skeletal muscle, and adipose
tissue in Japanese patients with NAFLD, systematically using
reliable methods including liver biopsy, assessment of glucose
metabolism measured by a euglycemic hyperinsulinemic clamp
study with stable-isotope, and "H-MRS.

Materials and Methods

Ethics Statement

The study was approved by the Medical Ethics Committee of
Kanazawa University (Approval No. 845), and written informed
consent was obtained from each patient prior to participation. The
study was conducted in accordance with the Declaration of
Helsinki.

Participants and Study Design

We studied 69 patients clinically diagnosed with NAFLD,
recruited consecutively between 2010 and 2012 from Kanazawa
University Hospital, Japan. The patients were in good general
health without evidence of any acute or chronic diseases (other
than NAFLD, T2DM, hypertension, or dyslipidemia) as deter-
mined by history, physical examination, routine blood chemistries,
urinalysis, and electrocardiography. Out of the 69 patients, 37
(54%) had T2DM according to the American Diabetes Association
criteria. Of the 37 T2DM patients, antidiabetic agents were
administered to 18 patients in monotherapy and 7 patients in
combination therapy (metformin, n=15; dipeptidyl peptidase-4
inhibitors, n = 9; glucagon-like peptide-1 agonists, n = 7; mealtime
dosing of a rapid-acting insulin analog, n= 5, respectively). None
of the patients were taking a-glucosidase inhibitors, rapid-acting
insulin secretion agents, sulfonylurca, thiazolidinediones, or long-
acting insulin. Participants were excluded if they had a history of
alcohol abuse (more than 20 g/day), liver diseases other than
NAFLD (hepatitis B or G, autoimmune hepatitis, hemochroma-
tosis, Wilson disease, drug-induced disease, or other), type 1
diabetes, or a history of clinically significant renal, pulmonary, or
heart diseases.

The participants were studied on four separate occasions.
Generally, all measurements were performed within 1 month and
included: 1) organ-specific IR in the liver, skeletal muscle, and
adipose tissue by a euglycemic hyperinsulinemic clamp study with
tracer ([6,6-2Hs]glucose) infusion; 2) liver biopsy for histology to
confirm the diagnosis of NAFLD and score the degree of steatosis,
grade, and stage; 3) intrahepatic lipid (IHL) and intramyocellular
lipid IMCL) measured by "H-MRS, and body composition by a
bioelectrical impedance analysis; and 4) 75-g oral glucose
tolerance test (OGTT) to evaluate the glucose tolerance according
to American Diabetes Association criteria [17].

Euglycemic Hyperinsulinemic Clamp

After an overnight fast, two intravenous catheters, one for blood
sampling and one for infusion of glucose, insulin, and tracers, were
inserted in the antecubital vein of each arm. At 0700 h, after
obtaining a blood sample for background enrichment of plasma
glucose, a continuous infusion of [6,6-2H2]glucose (>99%
enriched; Cambridge Isotope, Andover, MA, USA) was started
at a rate of 0.05 mg-kg™ '*min~! after a priming dose equivalent.
After 100, 110, and 120 min, blood samples were obtained for
determination of tracer enrichments. Subsequently, at 0900 h, the
euglycemic hyperinsulinemic clamp study was started using an
artificial pancreas (model STG-55; Nikkiso, Tokyo, Japan), as
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described previously [18,19]. A primed continuous infusion of
insulin (Humulin R; Eli Lilly, Indianapolis, IN, USA) was started
for 2.0 h at a rate of 1.25 mU-kg”"*min"" to attain a plasma
insulin concentration of approximately 100 pU/mL. Glucose was
infused to maintain a plasma glucose concentration of 100 mg/dL
(or 90 mg/dL for baseline values under 90 mg/dL). Simulta-
neously, [6,6-°Hy]glucose infusion was continued at a rate of
0.15 mg-kg™'-min~". During the last 20 min of the clamp study,
blood samples were obtained in 10-min intervals to determine
tracer enrichments.

Liver Biopsy/Pathology

Ultrasound-guided liver biopsy specimens were obtained from
all 69 patients. Each specimen was stained with hematoxylin-eosin
and silver reticulin stains and histologically examined by one
experienced pathologist who was blinded to the patient’s clinical
condition and biochemical data. The biopsied tissues were scored
for steatosis (0, none; 1, <33%; 2, 33-66%; 3, >66%), stage, and
grade as described previously (10), according to the standard
criteria for grading and staging of nonalcoholic steatohepatitis
proposed by Brunt et al. [20,21].

Liver Fat Content and IMCL (Proton Magnetic Resonance
Spectroscopy)

IHL and IMCL were measured as reported previously [22,23].
Briefly, IHL of the liver’s right lobe and IMCL of the soleus
muscle were measured by '"H-MRS using a whole-body 3.0 T MR
System (Signa HDxt 3.0 T, General Electric Healthcare,
Milwaukee, WI, USA). Voxels (3.0x3.0x3.0 cm® for liver and
2.0%2.0x2.0 cm? for soleus muscle) were positioned in the liver or
soleus muscle to avoid blood vessels and visible interfacial fat, and
the voxel sites were carefully matched at each examination.
Imaging parameters were set to repetition time of 1500 ms and
echo time of 27 ms. To quantify IHL and IMCL, the MR spectral
raw data were processed by using the LCModel software (Version
6.3-0C, Stephen Provencher, Oakville, Ontario, Canada).

Body Composition

Body composition, such as fat mass and fat-free mass, was
determined by a bioclectrical impedance analysis (Tanita BC-
118D, Tanita, Tokyo, Japan).

Oxygen Consumption
Oxygen consumption was measured using indirect calorimetry
(Aeromonitor AE310S, Minato, Osaka, Japan).

75-g OGTT

After an overnight fast, a 75-g OGTT was performed at 0800 h.
Blood samples were collected at 0, 30, 60, 90, 120, and 180 min to
measure plasma glucose insulin and C-peptide concentrations.

Analytical Methods

Plasma glucose was measured by the glucose oxidase method
(Glucose Analyzer GA09; A&T, Kanagawa, Japan), and plasma
insulin and C-peptide were measured using a sandwich enzyme
immunoassay system with E-test Tosoh II (IRI) and E-test Tosoh
II (C-peptide) (Tosoh, Tokyo, Japan). Plasma FFA was measured
by a standard colorimetric method using NEFA-SS (Eiken, Tokyo,
Japan). Hemoglobin Alc level was measured using high-perfor-
mance liquid chromatography (TOSOH HLC-723G8; Tosoh,
Tokyo, Japan).

Deuterated glucose was analyzed as a penta-acetate derivative
using the method by Wolfe [24]. Samples were analyzed on a
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quadrupole gas chromatography mass spectrometry instrument
(GCMS-QP1100EX, Shimadzu, Kyoto, Japan) operated in the
electron impact mode by sclective-ion monitoring of m/z 200,
201, and 202. Oven temperature was 180°C with a 10°C/min rate
of temperature rise until 250°C with a 25 m HR-1 capillary
column (Shinwa Chemical Industries, Kyoto, Japan). Tracer
concentrations were calculated based on the sample’s tracer-to-
tracee mass ratio [25].

Calculations

In the basal state, hepatic glucose production (HGP) was
calculated as the rate of appearance (Ra) of glucose according to
the Steele’s equation as previously described [19,26]. During the
clamp study, glucose Ra was calculated using Stecle’s equation
from tracer data [26]. HGP during the clamp study was calculated
as the difference between glucose Ra and the infusion rate of
exogenous glucose.

We calculated and defined organ-specific IR in the liver, skeletal
muscle, and adipose tissuc as described previously [27-30].
Hepatic IR indices were caleulated as the product of fasting
HGP and fasting plasma insulin (FPI) concentration (HGP xFPI
[((mg-kg™"“min ") x(WU/mL)]) and suppression of HGP by insulin
during a clamp study (%HGP). The skeletal muscle IR index was
calculated as insulin-stimulated glucose disposal (Rd), and the
adiposc tissue IR index was calculated as suppression of FFA by
insulin during a clamp study (%FFA).

Statistical Analysis

All analyses were performed using SPSS software version 21.0
(SPSS Inc., Chicago, IL, USA). All values arc cxpressed as mean
+ SEM, unless stated otherwise. The relationship between
individual variables was assessed by Pearson’s correlation for
paramectric variables and by Spearman’s corrclation for non-
parametric variables. Multiple linear regression analysis was used
to assess independent determinants of organ-specific IR. The
differences between the two groups were assessed by Student’s &
test for continuous variables and chi-square test for categorical
variables. Data involving more than two groups were assessed by
analysis of variance (ANOVA). Statistical significance was
considered to be £<0.05.

Results

Organ-specific IR and Clinical Characteristics in Patients
with NAFLD

The characteristics of the study subjects and their metabolic
profiles arc shown in Table 1. During the clamp study, plasma
glucose concentrations were maintained at baseline values
(103%1 mg/dL; mean £ SEM), and steady-statc plasma insulin
concentrations were reached at 110.2+3.6 pU/mL. Basal HGP
was 2.09£0.08 mg-kg™'-min™! in subjects with normal glucose
tolerance (NGT), 2.18+0.10 mg'kg” ""min™" in subjects with
impaired glucose tolerance (IGT) and 2.67+0.12 mg-kg™'-min ™"
in subjects with T2DM. Rd was 3.81%0.18 mg-kg™'*min~" in
NGT, 3.27+0.17 mg-kg” *min”" in IGT and
3.57+0.14 mg-kg”'min~! in T2DM. Basal FFA was
0.47£0.05 mEq/L in NGT, 0.56%0.04 mEq/L in IGT and
0.60£0.04 mEq/L in T2DM. Basal HGP showed a significant
positive correlation with fasting plasma glucose levels (r=0.48, P<
0.001). Rd showed a significant positive correlation with basal
oxygen consumption rate per body weight (VOo) (r=0.42, P<
0.01). FFA and HGP were suppressed from baseline by
77.0%1.4% and 69.3%2.8%, respectively. These values are similar
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to previous data in Japanese [31] and European descent [1,27,29]
subjects.

The rclationship between clinical characteristics and organ-
specific insulin sensitivity/resistance indices is shown in Table 2.
HGPxIPL was significantly correlated with Rd (r=-0.57, P<
0.001), %HGP with %FFA (r=0.38, P<0.01), and Rd with %FFA
(r=0.27, P<0.05) suggesting that the IRs in the liver, skeletal
muscle, and adiposc tissuc were significantly associated with cach
other, although the correlation was not very strong.

Ectopic Fat and Organ-specific IR

Histological liver steatosis score was strongly corrclated with
IHI measurcd by "H-MRS (r=0.75, P<0.001).

Liver steatosis score was significantly corrclated with Rd (r= —
0.47, P<<0.001) as well as HGP xFPI (r =0.43, P<0.001) (Table 2).
Similarly, IHL was significantly correlated with Rd (r= —0.32, P<
0.05) and tended to be correlated with HGPxFPI (r=0.25,
P=0.09) (Figurc 1A, 1B). In the multiple regression analysis, liver
steatosis score was significantly correlated with both HGP xFPI
(B=10.284, P<0.05) and Rd (B = —0.300, P<0.01) after adjusting
for age, sex, and BMI. Corrclation of liver steatosis score with Rd
(B=-0.261, P<0.05) was significant after further adjusting for
total fat mass (Table 3). When stratified by stcatosis score,
HGP x¥PI was significantly higher and Rd was significantly lower
in the score 3 steatosis group compared to the score 0 steatosis
group (P<0.01; P<0.001, respectively) (Figure 1C,1D).

Unexpectedly, indices of fat accumulation in the skeletal muscle
(IMCL) and adipose tissue were not associated with their own
organ-specific IR (Table 2). IMCL and fat-free mass were not
correlated with Rd (r=—0.16, P=0.26; r=-—0.22, P=0.08,
respectively) (Figure 2A,2B). Total fat mass and its percentage
were correlated with HGPxFPI (r=0.50, P<<0.001; r=0.48, P<
0.001, respectively) and Rd (7= —0.59, P<0.001; »=—0.52, P<
0.001, respectively), but not with %FFA (r= —0.21, P=0.10; r= —
0.00, P=0.99, respectively) (Figure 2C,2D).

Similar results were obtained when Rd was normalized by
steady state plasma insulin (Rd/SSPI) (Table 2).

Because it may be possible that T2DM itsclf is associated with
IR independently with organ steatosis, we analyzed the subjects
with or without T2DM. Age, hemoglobin Alc, fasting plasma
glucose, 2-h glucose level of 75-g OGTT and basal HGP were
significantly higher in T2DM group compared to non-DM group
(Table 1). Regardless of the presence or absence of T2DM, liver
steatosis score was significantly correlated with Rd as well as
HGP xFPI, and IMCL and total fat mass were not correlated with
Rd or %FFA respectively (Table 4, Table 5). The results of the
multiple regression analysis are shown in Table SI and Table S2.

Discussion

We comprehensively and simultancously evaluated ectopic fat
accumulation and organ-specific IR in insulin-target organs in
Japanese people with NAFLD, and found the following: 1) the IRs
in the liver, skeletal muscle, and adipose tissuc were associated
with each other, 2) indices of fat accumulation in the skeletal
muscle and adipose tissue were not associated with their own
organ-specific IR, and 3) liver fat was associated with skeletal
muscle IR as well as hepatic IR, independently of age, sex, BMI
and total fat mass (Figure S1).

Although the IRs in the liver, skeletal muscle, and adipose tissue
were associated with each other, the relation was relatively weak.
There are a couple possible explanations for this result. First, the
main site and the severity of IR may vary among organs and
individuals [4]. Second, possibly the %HGP and %FFA are not
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Table 1. Clinical characteristics of the study subjects.

All non-DM (NGT+IGT) T2DM P value*

Age {years)

Body mass index (kg/m?)

Fat-free mass (kg)

35

Body fat percentage (%)

Steatosis (0/1/2/3) 5/33/15/16 4/13/5/10 1/20/10/6

Stage (0/1/2/3/4) 20/29/6/11/3 12/14/1/41 8/15/5/7/2

IHL (mmol/L) 9.63%=1.01 730%1.27 11.23+1.41 0.056

Glucose tolerance (NGT/IGT/DM) 11/21/37

Fasting plasma glucose (mg/dL) 111%2 100*2 121+3 <0.001¢

Fasting plasma insulin (pU/mL) 14.0+1.0 15.1*15 13.1*13 0.318

Insulinogenic index [(pU/mL)/(mg/dL)] 0.72+0.09 0.95+0.16 0.52%+0.09 0.019°

Fasting FFAs (mEq/L) 0.57+0.03 0.53*0.03 0.60+0.04 0.254

Triglycerides (mg/dL) 153+11 15010 155+18 0.801

HD

Aspartate aminotransferase (IU/L) 37+2 37%3 37%3 0.969

Basal HGP (mg-kg™"-min™") 2.43+0.08 2.15+0.07 2.67+0.12 0.001°

Euglycemic hyperinsulinemic clamp [clamp period]

Steady state plasma insulin (uU/mL) 110.2*3.6 115.7+6.0 105.3+4.2 0.164

%FFA (%) 77.0+14 75.9%20 78.0*1.9 0.455

%HGP (%) 69.3+2.8 73.4*35 65.8+4.1 0.170

Rd/SSPI [(mg-kg " -min~")/(nU/mL)] 0.035+0.002 0.0330.003 0.037+0.003 0.332

Data are presented as n or mean * SEM.

IHL, intrahepatic lipid; IMCL, intramyocellular lipid; AU, arbitrary units; HGP, hepatic glucose production; FPl, fasting plasma insulin; SSPI, steady state plasma insulin; VO,,
basal oxygen consumption rate per body weight.

*Difference between the non-DM group and the T2DM group.

#p<0.05,

bp<0.01,

€P<0.001.

doi:10.1371/journal.pone.0092170.t001

completely suitable for indices of hepatic and adipose tissue IR, because HGP and lipolysis appeared to be more sensitive to
respectively, and might not fully exhibit inter-individual variation suppression by insulin compared to stimulation of Rd by insulin
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Table 2. Univariate correlation between ectopic fat and organ-specific insulin resistance.

HGP xFPI %HGP Rd Rd/SSPI %FFA

HGP xFPI 1 - —0.130 0.288 —0.574° <0.001 —0.489° <0.001 —0.168 0.167

Rd ~0.574° <0.001 0.167 0.170 1 - 0.766° <0.001 0.2727 0.024

%FFA —0.168 0.167 0.375° 0.002 0.272° 0.024 0.296" 0.014 1 -

Grade 0.004 ~0.111 0.362 -0.376° 0.001 -0.338° 0.005 —0.055 0.656

Fat-free mass 0.031 0.801 —0.117 0.347 -0.216 0.079 —=0.211 0.090 —0433° <0.001

<0.001 —0.478° <0.001 —0.001 0.994

<0.001 —0.115 0.355

Body fat percentage

HGP, hepatic glucose production; FPI, fasting plasma insulin; SSPI, steady state plasma insulin; IHL, intrahepatic lipid; IMCL, intramyocellular lipid; VO,, basal oxygen consumption rate per body weight.
2p<0.05,
bp<0.01,
P<0.001.

doi:10.1371/journal.pone.0092170.t002
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Figure 1. Correlation between liver fat and organ-specific insulin resistance (IR). (A) univariate correlation between IR in the liver
(HGP xFPI) and liver fat (IHL) (r=0.25, P=0.09). (B) univariate correlation between skeletal muscle IR index (Rd) and liver fat (IHL) (r=—0.32, P<0.05).
(O IR in the liver (HGP xFPI) stratified by steatosis score. (D) skeletal muscle IR index (Rd) stratified by steatosis score. *P<<0.05 vs. score 0 steatosis

group. **P<0.01 vs. score 0 steatosis group.
doi:10.1371/journal.pone.0092170.g001

Table 3. Multiple regression models predicting HGP xFPI and Rd.

HGP xFPI Rd

HGP, hepatic glucose production; FPI, fasting plasma insulin.

Model 1, adjusted for, age, sex, and body mass index; Model 2, adjusted for, age, sex, body mass index, and total fat mass.
2p<0.05,

bp<0.01.

doi:10.1371/journal.pone.0092170.t003
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Figure 2. Correlation between ectopic fat and organ-specific insulin resistance (IR). (A) univariate correlation between skeletal muscle IR
index (Rd) and intramyocellular lipid (IMCL) (r=—0.16, P=0.26). (B) univariate correlation between Rd and fat-free mass (r=0.22, P=0.08). (C)
univariate correlation between adipose tissue IR index (%FFA) and total fat mass (r=—0.21, P=0.10). (D) univariate correlation between %FFA and

body fat percentage (r=—0.00, P=0.99).
doi:10.1371/journal.pone.0092170.g002

[32,33]. Lowering steady-state insulin levels by a reduced insulin
infusion rate might improve the specificity of these indices to
reflect organ insulin sensitivity.

In the present study, IMCL was not associated with skeletal
muscle IR. The participants in this study had a wide BMI range
(21.3-54.9 kg/m?) and subjects may have different physical
exercise habits with various intensities. IMCL is increased not
only by obesity but also by enhanced physical fitness [34].
Therefore, absolute fat contents do not always predict IR in the
skeletal muscle, thus, toxic lipids that cause IR in the skeletal
muscle should be further researched. Similarly, we failed to find
any relationship between fat mass or its percentage and adipose
tissue IR. Although we evaluated only total fat mass, distribution
of adipose tissue may potentially determine insulin action. Indeed,

PLOS ONE | www.plosone.org

visceral fat, but not subcutaneous fat, is reported to be associated
with %FFA [35]. Therefore, future studies should evaluate visceral
and subcutaneous fat masses separately and evaluate the relation
to %FFA in Japanese people.

In addition to the previously well-recognized relationship
between adipose tissue mass and IR in the liver and skeletal
muscle [36], the present study showed a distinct relationship
between liver fat and skeletal muscle IR independently of age, sex,
and BMI. Although our results are consistent with previous studies
showing that liver fat plays an important role in peripheral IR as
well as hepatic IR [14,15], not all associations among components
of ectopic fat and organ-specific IR were examined simultaneously
in these studies. Our findings suggest that hepatic steatosis per se is
a central surrogate pathology indicative of IR in both liver and
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Table 4. Univariate correlation between ectopic fat and organ-specific insulin resistance in subjects without type 2 diabetes (n=32).

HGP xFPI %HGP Rd Rd/SSPI %FFA

HGP xFPI 1 - -0.132 0.470 -0551° 0.001 ~0.554° 0.001 —0.095 0.607

Rd -0.551 0.001 0.101 0.583 1 - 0.798°¢ <0.001 0.297 0.099

%FFA —0.095 0.607 0.370° 0.037 0.297 0.099 0.210 0.250 1 -

Fat-free mass —0.017 0.926 —0.262 0.154 —0.050 0.788 -=0.118 0.527 —0.321 0.078

<0.001 -0.599° <0.001 0.045 0.811

0.005 0.056 0.763

Body fat percentage

HGP, hepatic glucose production; FPI, fasting plasma insulin; SSPI, steady state plasma insulin; IHL, intrahepatic lipid; IMCL, intramyocellular lipid; VO,, basal oxygen consumption rate per body weight.
2p<0.05,

bp<0.01,

P<0.001.

doi:10.1371/journal.pone.0092170.t004
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Table 5. Univariate correlation between ectopic fat and organ-specific insulin resistance in subjects with type 2 diabetes (n=37).

HGP xFPI %HGP Rd Rd/SSPI %FFA

HGP xFPI 1 - -0.119 0.483 —0.600° <0.001 X 0.005 —0.234 0.164

<0.001 0.244 0.145

<0.001 0.233 0.165 1 -

Rd

%FFA —0.234 0.164 0.010 0.244 0.145 0.039 1 =

Grade 0.263 0.115 —0.023 0.894 —0.282 0.091 —0.216 0.206 —0.304 0.067

IHL 0.286 0.133 —0.122 0.529 —0.209 0.277 —0.219 0.262 —-0.197 0.306

Fat-free mass 0.084 0.626 —0.136 0.430 -0.314 0.062 —0.276 0.108 . 0.002

Body fat percentage 0.473 0.004 —0.227 0.183 —0.362 0.030 —-0.374° 0.027 —0.049 0.775

HGP, hepatic glucose production; FPI, fasting plasma insulin; SSPI, steady state plasma insulin; IHL, intrahepatic lipid; IMCL, intramyocellular lipid; VO,, basal oxygen consumption rate per body weight.
2p<0.05,

bp<0.01,

€P<0.001.

doi:10.1371/journal.pone.0092170.t005
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skeletal muscle in patients with NAFLD. In addition, there may be
a network between the liver and skeletal muscle to maintain whole
body energy homeostasis. Accordingly, whether hepatic steatosis is
a consequence or cause of skeletal muscle IR remains uncertain
because a longitudinal observation of the relationship is lacking.
One hypothesis is that skeletal muscle IR causes obesity and
subsequent hepatic steatosis as experimentally shown in mice with
muscle-selective IR [37]. Indeed, Flannery et al. recently reported
that skeletal muscle IR promotes increased hepatic de novo
lipogenesis and hepatic steatosis in the elderly [38]. A second
hypothesis is the neuronal pathway from the liver might modulate
peripheral insulin sensitivity [11]. A third hypothesis is that some
nutrients, such as fatty acids and amino acids, might link hepatic
steatosis and skeletal muscle IR [39]. A fourth hypothesis is that a
liver-derived hormone (a hepatokine) affects the distant organ
insulin sensitivity. We previously isolated hepatokine selenoprotein
P, which is overproduced under an overnutrition state and causes
IR both in the liver and skeletal muscle [13]. In addition, serum
levels of selenoprotein P are inversely associated with serum levels
of adiponectin [40] that enhance skeletal muscle insulin sensitivity
[12]. Therefore, overproduction of selenoprotein P in association
with hepatic steatosis, by directly or indirectly lowering adipo-
nectin levels, causes skeletal muscle IR.

There are several limitations to this study. First, this was an
observational study, and we were unable to examine causal
associations. A large-scale longitudinal study is needed to clarify
whether hepatic steatosis is a consequence or cause of skeletal
muscle IR. Second, many of the study subjects had glucose
intolerance/diabetes, although the severity was relatively mild as
shown by the OGTT. Therefore, IR of each organ was possibly
greater in our study subjects than in the general population, which
could have influenced the results. Third, fifteen out of 69 subjects
were taking metformin which might influence hepatic glucose
production. However, major study results were similar in diabetic
subjects, non-diabetic subjects, and subjects without metformin
(data not shown). Fourth, we did not collect arterial or arterialized
blood samples to perform the insulin clamp because these were not
included in the manufacturer’s protocol of the artificial pancreas
model STG-55. Further study should be required to confirm our
conclusion by using arterial or arterialized blood samples.

In summary, the present study revealed an unexpected lack of
an association between fat and local organ-specific IR in the
skeletal muscle and adipose tissue. Instead, liver fat is strongly
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associated with skeletal muscle IR as well as with liver IR,
suggesting a central role of fatty liver in the development of IR and
that a network exists between liver and skeletal muscle to maintain
whole-body energy homeostasis.
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Abstract Cancer vaccine therapy is one of the most
attractive therapies as a new treatment procedure for
pancreatic adenocarcinoma. Recent technical advances
have enabled the identification of cytotoxic T lympho-
cyte (CTL) epitopes in various tumor-associated anti-
gens (TAAs). However, little is known about which TAA
and its epitope are the most immunogenic and useful
for a cancer vaccine for pancreatic adenocarcinoma. We
examined the expression of 17 kinds of TAA in 9 pan-
creatic cancer cell lines and 12 pancreatic cancer tis-
sues. CTL responses to 23 epitopes derived from these
TAAs were analyzed using enzyme-linked immunospot
(ELISPOT), CTL, and tetramer assays in 41 patients,
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and factors affecting the immune responses were inves-
tigated. All TAAs were frequently expressed in pancre-
atic adenocarcinoma cells, except for adenocarcinoma
antigens recognized by T cells 1, melanoma-associ-
ated antigen (MAGE)-Al, and MAGE-A3. Among the
epitopes recognized by CTLs in more than two patients
in the ELISPOT assay, 6 epitopes derived from 5 TAAs,
namely, MAGE-A3, p53, human telomerase reverse
transcriptase (hTERT), Wilms tumor (WT)-1, and vascu-
lar endothelial growth factor receptor (VEGFR)2, could
induce specific CTLs that showed cytotoxicity against
pancreatic cancer cell lines. The frequency of lympho-
cyte subsets correlated well with TAA-specific immune
response. Overall survival was significantly longer in
patients with TAA-specific CTL responses than in those
without. P53, hTERT, WT-1, and VEGFR2 were shown
to be attractive targets for immunotherapy in patients
with pancreatic adenocarcinoma, and the induction of
TAA-specific CTLs may improve the prognosis of these
patients.

Keywords Epitope - Immunotherapy - Cytotoxic
T lymphocyte (CTL) - Enzyme-linked immunospot
(ELISPOT)

Abbreviations

CTL Cytotoxic T lymphocyte
TAA Tumor-associated antigen
ELISPOT Enzyme-linked immunospot
MAGE Melanoma-associated antigen

hTERT Human telomerase reverse transcriptase
WT-1 Wilms tumor-1

VEGFR  Vascular endothelial growth factor receptor
PBMC Peripheral blood mononuclear cells

PCR Polymerase chain reaction
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Introduction

Pancreatic adenocarcinoma is the fourth leading cause of
cancer death worldwide [1]. Despite recent advances in
diagnostic techniques, pancreatic adenocarcinoma is diag-
nosed at an advanced stage in most patients and, conse-
quently, the overall 5-year survival rate is <5 % [2]. Thus,
the development of a new treatment option is needed to
improve the prognosis of pancreatic cancer patients without
toxicity.

Immunotherapy is one of the most attractive therapies
as a new treatment procedure for melanoma and other
solid tumors [3]. Recent technical advances have enabled
the identification of various tumor-associated antigens
(TAAs) [4-21]; however, few of their epitopes are induc-
ers of cytotoxic T lymphocyte (CTL) responses against
tumors [22]. Several kinds of epitope have also been iden-
tified in patients with pancreatic adenocarcinoma [23, 24].
However, previous studies focused on the identification and
evaluation of a particular antigen, and different TAAs have
not yet been compared simultaneously; therefore, little is
known about which epitope is the most immunogenic and
useful in eliciting clinical responses in pancreatic adeno-
carcinoma patients.

In the present study, we compared CTL responses with
various TAA-derived epitopes in identical patients with
pancreatic adenocarcinomas and examined the factors that
affect immune responses. This approach provided infor-
mation that is useful for selecting immunogenic TAAs and
suitable patients and developing a new immunotherapy for
pancreatic adenocarcinoma.

Materials and methods
Patients and clinical information

In this study, we examined 41 HLA-A24-positive patients
with pancreatic adenocarcinoma and 14 healthy volunteers
who were HLA-A24-positive, but did not have any cancers,
as negative controls. Fine-needle biopsy, a surgical speci-
men, or autopsy was used for the pathological diagnosis of
pancreatic adenocarcinoma in 18 patients. Diagnosis of the
remaining 23 patients was achieved using the radiological
findings of computed tomography and/or magnetic reso-
nance imaging. We investigated patient background, treat-
ment procedures, and outcomes.

Clinical information was obtained from the medical
records of patients. We evaluated the tumor stage using
TNM staging of the Union Internationale Contre Le Can-
cer (UICC) system (7th version) (UICC stage). The fre-
quency of lymphocyte subsets was calculated by dividing
the absolute lymphocyte count by the absolute leukocyte

@ Springer

Table 1 Peptides used in this study

Peptide No.  TAA Amino acid sequence ~ Reference
1 ART1 gq EYCLKFTKL [14]
2 ART4, AFLRHAAL [11]
3 ART4ygq DYPSLSATDI [11]
4 Cyp-Byo KFHRVIKDF [7]
5 Cyp-Bss DFMIQGGDF [71
6 Lckyog HYTNASDGL [8]
7 Lckygg DYLRSVLEDF [8]
8 MAGE-Al3s  NYKHCFPEI [6]
9 MAGE-A39s  IMPKAGLLI [16]
10 SART 1499 EYRGFTQDF [12]
11 SART 2499 SYTRLFLIL [13]
12 SART3, 9 VYDYNCHVDL [21]
13 Her-2/neug RWGLLLALL [17]
14 53461 ATYKQSQHM [18]
15 P53404 EYLDDRNTF [5]
16 MRP3,¢5 VYSDADIFL [20]
17 MRP3g, LYAWEPSFL [20]
18 hTERT VYGFVRACL [4]
19 hTERT;y VYAETKHFL [4]
20 WT-1535 CMTWNQMNL [15]
21 VEGFR2 4 RFVPDGNRI [19]
22 VEGFRI g4 SYGVLLWEI [10]
23 survivin2Bg, AYACNTSTL [9]
24 HIV envsg, RYLRDQQLL [25]
25 CMV pp653s  QYDPVAALF [26]

count. HLA typing of peripheral blood mononuclear cells
(PBMCs) from patients and healthy volunteers was per-
formed by the reverse sequence-specific oligonucleotide
with polymerase chain reaction (PCR-RSSO). This study
was approved by the Ethics Committees of Kanazawa Uni-
versity (No. 1237) and Kanazawa Medical Center (No. 17),
and all patients gave written informed consent to partici-
pate in accordance with the Helsinki Declaration.

Synthetic peptides and preparation of PBMCs

The 23 epitopes derived from 17 different TAAs used in
the present study are listed in Table 1. We selected epitopes
that had previously been identified as HLA-A24-restricted
and suggested to have immunogenicity in various cancers
not restricted to pancreatic cancer [4-21]. Epitopes derived
from the HIV envelope protein (HIV envsg,) [25] and cyto-
megalovirus (CMV) pp65 (CMVpp65s3,4) [26] were also
used to assess T cell responses. Peptides were synthesized
at Mimotope (Melbourne, Australia), Sumitomo Phar-
maceuticals (Osaka, Japan), COSMO BIO Co. (Tokyo,
Japan), and Scrum Inc. (Tokyo, Japan). Purities were
determined to be >80 % by analytical high-performance
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liquid chromatography (HPLC). PBMCs were separated
as described below; heparinized venous blood was diluted
in phosphate-buffered saline (PBS) and loaded on Ficoll-
Histopaque (Sigma, St. Louis, MO) in 50-ml tubes. After
centrifugation at 2,000 rpm for 20 min at room tempera-
ture, PBMCs were harvested from the interphase, resus-
pended in PBS, centrifuged at 1,400 rpm for 10 min, and
finally resuspended in complete culture medium consisting
of RPMI (GibcoBRL, Grand Island, NY), 10 % heat-inacti-
vated FCS (Gibco BRL), 100 U/ml penicillin, and 100 pg/
ml streptomycin (Gibco BRL).

Cell lines

The HLA-A*2402 gene-transfected CI1R cell line (CI1R-
A24) was cultured in RPMI 1640 medium containing 10 %
FCS and 500 pg/ml hygromycin B (Sigma, St. Louis,
MO), and K562 was cultured in RPMI 1640 medium con-
taining 10 % FCS [27]. MiaPaca2, AsPC1, BxPC3, Panc-1,
CAPANI1, and CAPAN2 were purchased from the Ameri-
can Type Culture Collection (VA, USA). YPK-1 and YPK-2
were kind gifts from Prof. Oka and Dr. Yoshimura (Yama-
guchi University Graduate School of Medicine, Yamaguchi,
Japan). PK-1 was provided by the RIKEN BRC through the
National Bio-Resource Project of MEXT, Japan. Human
pancreatic cancer cell lines were cultured in DMEM (Gib-
coBRL) or RPMI 1640 medium containing 10 % fetal calf
serum (FCS). All media contained 100 U/mL penicillin and
100 pg/mL streptomycin.

RNA preparation and real-time PCR

The expression of TAA messenger RNA (mRNA) in human
pancreatic cancer cell lines and pancreatic adenocarcinoma
tissues was analyzed by real-time polymerase chain reac-
tion (PCR). Cell lines were harvested, centrifuged, and
washed with PBS, and total RNA was then isolated using
Quick-Gene (Fuji Film, Tokyo). Total RNA from frozen
pancreatic adenocarcinoma samples was isolated using a
GenElute Mammalian Total RNA Miniprep Kit (Sigma-
Aldrich) according to the manufacturer’s protocol. cDNA
was synthesized from 150 ng of total RNA using a high-
capacity cDNA reverse transcription kit (PE Applied Bio-
systems, CA, USA) and was then mixed with TagMan
Universal Master Mix (PE Applied Biosystems) and each
TagMan probe. Primer pairs and probes for various TAAs
and B-actin were obtained from the TagMan assay reagents
library. Thermal cycling conditions were 25 °C for 10 min,
37 °C for 120 min, and 85 °C for 1 min. cDNA was sub-
jected to quantitative real-time PCR analyses targeting vari-
ous TAAs and B-actin. Analyses were performed using the
StepOne Real-Time PCR system and StepOne v2.0 soft-
ware. Relative gene expression values were determined.

Data are presented as fold differences in TAA expression
normalized to the housekeeping gene P-actin as an endog-
enous reference.

Enzyme-linked immunospot assay (ELISPOT assay)

Ninety-six-well plates (Millititer, Millipore, Bedford,
MA) were coated with anti-human interferon-y (IFN-
v) (Mabtech, Nacka, Sweden) at 4 °C overnight and then
washed 4 times with sterile PBS. The plates were then
blocked with RPMI 1640 medium containing 5 % FCS for
2 h at room temperature. A total of 300,000 unfractionated
PBMCs were added in duplicate cultures of RPMI 1640
containing 5 % FCS together with the peptides at 10 pg/
ml. After 24 h, the plates were washed 8 times with PBS
and incubated overnight with 100 wl of the biotin-conju-
gated anti-human IFN-y antibody. After another 4 washes
with PBS, streptavidin-AP was added for 2 h. Finally, the
plates were washed again 4 times with PBS and developed
with freshly prepared NBT/BCIP solution (Biorad, Hercu-
les, CA). The reaction was stopped by washing with dis-
tilled water and drying at room temperature. Colored spots
with fuzzy borders, which indicated the presence of IFN-y-
secreting cells, were counted. The number of specific spots
was determined by subtracting the number of spots in the
absence of the antigen. Responses were considered positive
if 10 or more specific spots were detected and if the num-
ber of spots in the presence of an antigen was at least two-
fold than that in its absence.

Peptide-specific CTL induction and cytotoxicity assay

Synthetic peptide-specific T cells were expanded from
PBMCs in 96-well round-bottom plates (NUNC, Naper-
ville, IL). Four hundred thousand cells/well were stimu-
lated with synthetic peptides at 10 pwg/ml, 10 ng/ml rIL-7,
and 100 pg/ml rIL-12 (Sigma) in RPMI 1640 supplemented
with 10 % heat-inactivated human AB serum, 100 U/
ml penicillin, and 100 pwg/ml streptomycin. The cultures
were restimulated with 10 pg/ml peptide, 20 U/ml rIL-2
(Sigma), and 10° mitomycin C-treated autologous PBMCs
as feeder cells on days 7 and 14. One hundred microliters
of RPMI medium with 10 % human Ab serum and rIL-2 at
a final concentration of 10 U/ml were added to each well
on days 4, 11, and 18. The cytotoxicity assay was con-
ducted on day 22.

The C1R-A24 and human pancreatic cancer cell lines were
used as target cells for the S'Cr release assay. C1R-A24 cells
were incubated overnight with 10 pg/ml synthetic peptides
and labeled with 25 wCi of 3'Cr for 1 h. Pancreatic cancer cell
lines were also labeled with 25 wCi of *'Cr for 1 h without
incubation with peptides. After three washes with PBS, tar-
get cells were plated at 3,000 cells/well in complete medium
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in round-bottom 96-well plates. Unlabeled K562 (120,000
cells/well) was added to reduce non-specific lysis. Peptide-
stimulated PBMCs were added at various effector-to-target
ratios as indicated. Maximum release was determined by the
lysis of *'Cr-labeled targets with 5 % Triton X-100 (Sigma
Chemical). Spontaneous release was <10 % of maximum
release for all experiments, except for when it was <15 %
when the target cells were human pancreatic cancer cell lines.
Percent-specific cytotoxicity was determined using the fol-
lowing formula: 100 x (experimental release — spontaneous
release)/(maximum release — spontaneous release), and spe-
cific cytotoxic activity was calculated as follows: (cytotoxic
activity in the presence of the peptide) — (cytotoxic activity in
the absence of the peptide). Specific cytotoxicity of more than
10 % was considered to be positive.

Tetramer staining and flow cytometry

TAA-specific tetramers were purchased from Medical Bio-
logical Laboratories Co., Ltd. (Nagoya, Japan). Tetramer
staining was performed as described below. One million
isolated PBMCs or peptide-specific CTLs pulsed with
TAA-derived peptides were washed, resuspended in 200 1
of PBS without calcium or phosphate, and stained with
40 pg/ml tetrameric complexes and monoclonal antibod-
ies against cell surface proteins for 30 min at room tem-
perature. The following monoclonal antibodies were used:
anti-CD8-APC (BD PharMingen, San Diego, CA), anti-
CCR7-FITC, anti-CD45RA-PerCP, and tetramer-PE. Cells
were washed, fixed with 0.5 % paraformaldehyde/PBS, and
analyzed on a Becton—Dickinson FACSAria I system.

Statistical analysis

Fisher’s exact test and unpaired Student’s ¢ test were used
to analyze the effect of variables on immune responses in
pancreatic cancer patients. Overall survival was calculated
from the day of pancreatic cancer diagnosis until the date
of death or the last day of the follow-up period. Cumula-
tive survival proportions were calculated using the Kaplan—
Meier method, and any differences were evaluated using
the log-rank test. A p value of <0.05 was considered to be
significant, and all the tests were two-sided. All statistical
analyses were performed using the SPSS statistical soft-
ware program package (SPSS version 11.0 for Windows).

Results
Patients

Patient characteristics are summarized in the Supplemen-
tary Table. The median age of patients was 72 years, and
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patients included 24 males (59 %). The main localization
of the tumors was the pancreatic head in 39 % of patients
and the pancreatic body or tail in 61 %. The majority of
patients (93 %) had advanced-stage cancer, namely, UICC
stage III or IV. Therapeutic procedures mainly involved
chemotherapy consisting of protocols such as gemcit-
abine monotherapy, S-1 monotherapy, or a combination of
both drugs. Only 11 patients received the best supportive
therapy to relieve physical and spiritual pain. A total of
61 % of patients had died by the last day of the follow-up
period, and the median overall survival time of patients was
7.2 months.

TAA expression in pancreatic cancer cell lines and human
cancer tissues

We evaluated the expression of 17 different TAAs in 9
human pancreatic cancer cell lines using real-time PCR.
Although differences were observed from cell to cell, TAAs
were expressed in more than 40 % of pancreatic adeno-
carcinoma cell lines, except for adenocarcinoma antigens
recognized by T cells (ART)1 (11 %) and ART4 (33 %)
(Table 2). We then investigated TAA expression in 7 surgi-
cal and 5 autopsy specimens. The expression of most TAAs
in pancreatic adenocarcinoma specimens was similar to or
more frequent than that in human pancreatic cancer cell
lines, except for melanoma-associated antigen (MAGE)-A1
and MAGE-A3 (Table 2).

Detection of TAA-specific T cells by IFN-y ELISPOT
analysis

IFN-y ELISPOT responses were evaluated with PBMCs to
determine how frequently T cells respond to TAA-derived
peptides and control peptides in patients with pancreatic
adenocarcinoma (Fig. la). Positive responses to at least
one TAA-derived peptide were observed in 28 of 41 (68 %)
patients. On the other hand, 14 of 23 (61 %) peptides were
recognized by T cells obtained from at least one patient.
ART1ge, ART44,, ART4gq9, lymphocyte-specific protein
tyrosine kinase (Lck)ygg, MAGE-A3,9s, p53;4;, human
telomerase reverse transcriptase (hTERT)u;, hTERT,,,,
Wilms tumor (WT)-1,35, vascular endothelial growth factor
receptor (VEGFR)2,4, and VEGFR1 g, Were recognized
in more than two patients, which suggested that these pep-
tides have the potential to be immunogenic. Peptides 24
(HIVenvsg,) and 25 (CMVpp65;,5) were recognized in O
and 38 % of patients, respectively.

Peptides ART4,¢;, ART4gq4, Cyclophilin B (Cyp-B)s;s,
Lckygg, hTERT;,,, and VEGFRI,yg, were recognized in
more than one healthy volunteer, and/or the percentage of
positive responses was higher in healthy volunteers than
in pancreatic adenocarcinoma patients, which indicated
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Table 2 Expression of various TAA
TAAs mRNA in pancreatic

cancer cell lines and pancreatic

cancer tissues measured by real-

Primer

Positive cell lines/
cell lines tested

n (%)

Positive specimens/
specimens tested

n (%)

time PCR ARTI Hs00188841_m1 19 (11) 5/12 (42)
ART4 Hs00221465_m1 3/9 (33) 11112 92)
CypB Hs00168719_m1 9/9 (100) 1212 (100)
Lek Hs00178427_m1 8/9 (89) 11/12 (92)
MAGEAL1 Hs00607097_m1 4/9 (43) 1712 (8)
MAGEA3 Hs00366532_m1 4/9 (43) 1712 (8)
SART1 Hs00193002_m1 9/9 (100) 12/12 (100)
SART2 Hs00203441_m1 9/9 (100) 12/12 (100)
SART3 Hs00206829_m1 9/9 (100) 12/12 (100)
HER2/neu Hs00170433_m1 9/9 (100) 12/12 (100)
p53 Hs00153340_m1 9/9 (100) 12/12 (100)
MRP3 Hs00358656_m1 9/9 (100) 12/12 (100)
hTERT Hs00162669_m1 9/9 (100) 9/12 (75)
WT-1 Hs00240913_m1 5/9 (56) 9/12 (75)
VEGFR2 Hs00911700_m1 5/9 (56) 11/12 (92)
VEGFR1 Hs01052961_m1 6/9 (67) 12/12 (100)
Survivin Hs00153353_m1 9/9 (100) 12/12 (100)

that the responses to these peptides were not specific to
T cells from patients with pancreatic adenocarcinoma
(Fig. 1b). In other words, peptides ART1,g5, MAGE-A3g;s,
p53161» hTERT,4, WT-1y35, and VEGFR2,¢, have spe-
cific immunogenic potential in patients with pancreatic
adenocarcinoma.

The number of peptide-specific IFN-y-producing T cells
was counted to examine the frequency of T cells respon-
sive to TAA-derived peptides. A range of 10-46 T cells per
300,000 PBMCs in patients with pancreatic adenocarci-
noma produced IFN-y (Fig. Ic).

TAA-specific CTL induction and cytotoxic activity

We attempted to induce peptides specific to CTLs from
the PBMCs of pancreatic adenocarcinoma patients. Cyto-
toxicity assays were performed in more than five patients
for each peptide. Of the 11 peptides recognized in more
than two patients in the IFN-y ELISPOT assay, 6 peptides
(MAGE-A3,9s, P53161, hTERT 441, hTERT3y4, WT-1,35, and
VEGFR2,4,) could induce their specific CTLs, which were
confirmed to be able to respond to C1RA24 cells pulsed
with corresponding peptides by the cytotoxicity assay, as
shown in Fig. 2a.

We conducted a cytotoxicity assay to determine
whether peptide-specific CTLs from healthy volunteers
could show their cytotoxic activity against pancreatic car-
cinoma cell lines. P534,-, hTERT (-, and hTERT;,-
specific CTLs showed cytotoxicity against YPK-2 (HLA-
A24-, p53-, and hTERT-positive), but not against Panc-1

(HLA-A24-negative, p53- and hTERT-positive). MAGE-
A3y95-, WT-1y5-, and VEGFR24e-specific CTLs also
showed cytotoxic activity against YPK-2 (HLA-A24-,
MAGE-A3-, WT-1-, and VEGFR2-positive), but not
against YPK-1 (HLA-A24-positive, MAGE-A3-, WT-1-,
and VEGFR2-negative). Representative data are shown in
Fig. 2b.

Phenotypic analysis of TAA-derived peptides specific
to T cells

To analyze the characteristics of TAA-derived peptides spe-
cific to T cells and select the appropriate epitope for immu-
notherapy in patients with pancreatic adenocarcinoma, we
performed phenotypic analysis by tetramer staining and
FACS analysis. We first attempted to detect MAGE-A35-,
hTERT,q4;-, and WT-1,35-specific tetramer-positive T cells
in PBMCs and CTLs induced by the corresponding pep-
tides in healthy volunteers. The ratio of tetramer-positive
T cells was increased in CTLs and their frequencies were
1.481-2.930 % of CD8" T cells, suggesting that these
tetramers work well (Fig. 3a). We also conducted similar
assays in pancreatic adenocarcinoma patients and detected
tetramer-positive T cells in CTLs (Fig. 3b).

We then examined the naive/effector/memory pheno-
type of tetramer-positive cells in the PBMCs of patients.
The memory phenotype was investigated by the criterion
of CD45RA/CCR7 expression [28]. In tetramer analysis,
the frequencies of MAGE-A3,¢5-, hTERT,4;-, and WT-
1y35-specific tetramer-positive T cells were 0.003-0.044,
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Fig.1 T cell responses to TAA-derived peptides and control pep-
tides in pancreatic adenocarcinoma patients a and healthy volunteers
b. T cell responses were evaluated by the IFN-y ELISPOT assay.
Responses were considered positive if 10 or more specific spots were
detected and if the number of spots in the presence of an antigen

0.006-0.053, and 0.030-0.191 % of CD8" T cells,
respectively. The frequency of CD45RA™/CCR7" (cen-
tral memory), CD45RA™/CCR7~ (effector memory), and
CD45RAT/CCR7™ (effector) T cells in tetramer-positive
cells depended on the patient and all phenotypes were
observed in all patients, except for patients 1, 8, 28, 29, and
4 (Supplementary Fig. 1).

TAA-specific T cell responses and clinical features
of pancreatic cancer patients

In the present study, we analyzed the clinical features
that can affect TAA-specific immune responses. When
we divided patients into two groups based on their fre-
quencies of lymphocyte subsets in peripheral leukocytes
(<24 %, the median value among all patients, or equal
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was at least twofold that in its absence. Black boxes indicate positive
responses. ¢ The frequency of TAA-specific IFN-y-producing T cells
evaluated by the ELISPOT assay. Black bars indicate the response of
one patient

to or more than 24 %) and the strength of TAA-specific
immune responses into three groups according to the fre-
quency of TAA-specific T cells (<10 specific spots on
ELISPOT assays, no response; 10-19 specific spots, weak
response; equal to or more than 20 specific spots, strong
response), the patients with more lymphocyte subsets in
peripheral leukocytes showed stronger TAA-specific T
cell responses (Supplementary Fig. 2). On the other hand,
we could not find any relationship between TAA-specific
immune responses and other clinical characteristics such
as age, sex, tumor marker levels, UICC stage, or metasta-
sis status.

We also analyzed the correlation between T cell
responses and the prognosis of pancreatic cancer patients.
The median overall survival time of patients with T cell
responses to at least one TAA-derived peptide evaluated
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Fig.2 a T cell responses to peptides evaluated by the cytotoxicity
assay. Peptide-specific CTL induction and cytotoxicity assays were
performed on the PBMCs from at least five patients, and representa-
tive data are shown when peptide-specific CTLs were induced in
one or more patients. A percent-specific cytotoxicity of more than
10 % was considered to be positive. Six peptides: 9, 14, 18, 19, 20,
and 21, could induce their specific CTLs, and these could respond to

by the ELISPOT assay was 12.2 months, which was sig-
nificantly longer than that without T cell responses
(4.3 months) (p = 0.013) (Fig. 4a). On the other hand, no
correlation was observed between positive T cell responses
and CMV-derived peptides and clinical outcomes (Fig. 4b),
suggesting that TAA-specific T cell responses, but not the
general immune response, is a prognostic factor in patients
with pancreatic adenocarcinoma. The frequencies of reg-
ulatory T cells or the ratio of regulatory T cells to CD8"
T cells had no impact on the outcomes of patients in this
study.

Discussion

Immunotherapy is considered to be a fourth treatment pro-
cedure for cancer following surgical resection, radiother-
apy, and chemotherapy [29]. Cancer vaccine therapy was
previously shown to convey survival benefits to prostate
cancer patients in a clinical phase III trial [30], and some
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C1RA24 cells pulsed with the corresponding peptides in the cytotox-
icity assay. b Cytotoxic activity against the pancreatic carcinoma cell
lines of TAA-specific CTLs from healthy volunteers evaluated by the
cytotoxicity assay. Cytotoxicity was stronger against pancreatic carci-
noma cells that were HLA-A24-restricted and expressed correspond-
ing TAAs than against those not HLA-A24-restricted or not express-
ing corresponding TAAs

candidates of other cancers have been identified and sepa-
rately evaluated to determine whether a CTL response can
be elicited, with the subsequent elimination of cancer cells
and improvement in outcomes. Although a successful clini-
cal response depends on how much tumor antigens elicit
their specific CTLs, which are the most important effector
cells for antitumor immune responses, to the best of our
knowledge, no studies have attempted to identify which
epitopes are optimal for peptide vaccine therapy in patients
with pancreatic adenocarcinoma. Therefore, we simultane-
ously compared peptide-specific T cell responses among
various TAAs in 41 identical patients with pancreatic ade-
nocarcinoma under the same experimental conditions.
Therapeutic function is the most important factor to con-
sider when determining the usefulness of cancer antigens
for peptide vaccine therapy. However, it is very difficult to
compare the efficacy of more than one epitope, especially
in patients with pancreatic adenocarcinoma whose survival
time is very short. Under such circumstances, immuno-
genicity, specificity, oncogenicity, expression levels, % of
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eight healthy volunteers for each peptide (MAGE-A3 g5, hTERT ¢/,
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was higher in CTLs induced with each TAA-derived peptide than in
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Fig. 4 Kaplan-Meier plot of the overall survival of pancreatic cancer
patients according to a TAA-specific T cell responses and b T cell
responses to CMV-derived peptides. a TAA-specific T cell responses
were defined as positive if 10 or more specific spots to at least one
TAA-derived peptide were detected on the ELISPOT assay. The over-
all survival time of patients with TAA-specific T cell responses was
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PBMCs. b Tetramer analyses were performed on pancreatic adeno-
carcinoma patients using PBMCs and CTLs, which were induced
with TAA-derived peptides and showed cytotoxicity against pan-
creatic cancer cell lines in cytotoxicity assay. Levels of tetramer™
and CD8" T cells were higher in CTLs induced with TAA-derived
peptides than in PBMCs. Representative data are shown in cases in
which the ratio of tetramer* and CD8* T cells to CD8* was 0.017 %
in PBMCs and 1.145 % in MAGE-A3 ys-specific CTLs
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significantly longer than that of patients without TAA-specific T cell
responses. b T cell responses to CMV-derived peptides were defined
as positive if 10 or more specific spots to CMV-derived peptides were
detected on ELISPOT assays. No correlation was observed between
positive T cell responses to CMV-derived peptides and the clinical
outcomes of patients
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