Amino acid substitutions of HCV genotype 1b

Measurements of sequences of amino acids 70
and 81 of core region, amino acid 139 of E1
region, and amino acid sequence 2209-2248 of
NS5A region of hepatitis C virus

" Amino acids 70 and 91 of the core region of HCV, amino acid 139
of the E1 region of HCV, and amino acid sequence of 2209-2248
of the NS5A region of HCV were analyzed by direct nucleotide
sequencing of each region according to previous reports.*”® Hepa-
titis C virus was defined as wild type for the amino acid sequence
of 22092248 of the NS5A region when the number of amino acid
substitutions in comparison with HCV-J strain® was 0 or 1, and
as non-wild type when the number of substitutions was greater
than 1.

Statistical analyses

Quantitative values are shown as mean * SD. Between-group dif-
ferences were analyzed by the chi-square test. Differences in quan-
titative values between the-two groups were analyzed by the
Mann-Whitney U-test. Multivariate analysis was performed for
baseline factors that affected the response to the combination
therapy using a logistic regression model. The factors analyzed
were age, sex, body weight, history of previous IFN therapy, serum
alanine aminotransferase activity, serum aspartate aminotrans-
ferase activity, serum gamma-glutamyl transpeptidase, serum
alkaline phosphatase, serum albumin, serum total bilirubin, white
blood cell count, hemoglobin, platelet count, hepatitis activity
grade (A0 and A1 versus A2 and A3), grade of liver fibrosis (FO
and F1 versus F2 and F3), pretreatment HCV RNA concentration,
amino acids 70 and 91 of the HCV core protein, amino acid 139 of
HCV EI protein, and amino acid sequence 2209-2248 of the HCV
NS5A protein. All statistical tests were two-tailed; P < 0.05 was
accepted as statistically significant.

The study protocol was approved by the institutional review
board and was in compliance with the Helsinki Declaration.
Written informed consent was obtained from all patients prior to
the study for use of the laboratory data.

Results

All 107 patients completed the entire treatment duration; no
patient dropped-out of the study. Although reduction of PEG-IFEN
dose and ribavirin dose were experienced by 29 patients (27.1%)
and 49 patients (45.8%), respectively, no patient discontinued
either PEG-IFN or ribavirin. Eight patients (7.5%) had achieved
RVR and 40 patients (37.4%) had achieved cEVR. HCV RNA was
undetectable in 77 patients (72.0%) at the end of treatment (ETR).
Outcomes following combination therapy were SVR in 39 patients
(36.5%), relapse in 38 patients (35.5%), and NR in 30 patients
(28.0%). Amino acid position 70 of the HCV protein core region
was Arginine (Arg, reportedly associated with a good response to
IFN) in 70 patients (65.4%) and Glutamine (Gln, reportedly asso-
ciated with a poor response) in 29 patients (27.1%). Of the other
eight patients, five had Histidine at that position, and in the other
three HCV with both Arg and Gln at this position was detected.
Amino acid position 91 of the HCV core region was Leucine (Leu,
reportedly associated with a good response to IFN) in 76 patients
(71.0%) and Methionine (Met, reportedly associated with a poor
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response) in 29 patients (27.1%). In the remaining two patients,
HCYV with both Leu and Met at this position was detected. Amino
acid position 139 of the HCV E1 region was Threonine (Thr,
reportedly associated with a good response to IFN) in 55 patients
(51.4%) and Alanine at this position~(Ala; reportedly associated
with a poor response) in 40 patients (37.4%). From the remaining
patients, the amino acid at position 139 was Serine in two patients;
in four patients HCV with both Thr and Ala was detected; in HCV
from four patients this position was deleted. In two patients we
failed to amplify this region. At amino acid range 2209-2248 of
the HCV NS5A region, HCV of 61 patients (57.0%) was wild type
and that of 46 patients (43.0%) was non-wild type. There was no
difference in baseline characteristics, including the rate of patients
with reduction of PEG-IFN dose or ribavirin dose, between
patients with Arg and Glu at amino acid position 70, between
patients with Leu and Met at amino acid position 91, between
patients with Thr and Ala at amino acid position 139, and between
patients with non-wild type and wild type at amino acids range
2209-2248, respectively (data not shown).

Pretreatment HCV RNA concentration, and
reduction in HCV RNA concentration at 24 h
after the single administration of conventional
interferon and after the start of combination
therapy according to amino acid sequences

Pretreatment HCV RNA concentration, the reduction of HCV
RNA concentration at 24 h after a single administration test of
conventional IFN, and the reduction of HCV RNA concentration at
24 h after the start of combination therapy with PEG-IFN and
ribavirin was compared between patients according to the amino
acid sequence of the HCV (Table 2). Pretreatment HCV RNA
concentration in patients with Arg at position 70 was significantly
higher than in those with Gln at that position (P = 0.0260). Pre-
treatment HCV RNA concentration in patients with the wild type
sequence at position 2209-2248 was significantly higher than that
in patients with the non-wild type sequence (P =0.0002). We
found no difference in pretreatment HCV RNA concentration
according to the identities of amino acids 91 or 139. The reduction
of HCV RNA concentration in patients with Arg at position 70 was
significantly more marked than in patients with Gln at that position
(P <0.0001). We found no difference in reduction of HCV RNA
concentration after a single administration of conventional IFN
according to the identities of amino acids 91 or 139, or the 2209-
2248 sequence. Similarly, the reduction of HCV RNA concentra-
tion at 24 h after the start of combination therapy in patients with
Arg at position 70 was significantly greater than that in patients
with Gln at position 70 (P = 0.0025). We found no difference in
reduction of HCV RNA concentration after a single administration
of conventional IFN according to the identities of amino acids 91
or 139, or the sequence 2209-2248.

Response to combination therapy with
peginterferon and ribavirin

The responses to combination therapy according to amino acid
identity are summarized in Table 3. The rates of cEVR, ETR, and
SVR were significantly higher in patients with Arg than in those
with Gln at position 70 (all P <0.0001), whereas we found no
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Table 2 Association between amino acid substitutions and pretreatment HCV RNA concentration, reduction in HCV RNA concentration at 24 h after
the single administration of conventional interferon (IFN) alpha-2b, and reduction in HCV RNA concentration at 24 h after the start of combination

therapy with peginterferon (PEG-IFN) and ribavirin

Arg (n=70)

Core: amino acid70 Core: amino acid91

Leu (n=76)

" Ghn (n=29) Met (n= 29)

Pretreatment HCV RNA concentration (x10% {U/mL) 1943 = 1294 1410 = 895* 1755 = 1151 1731 £ 1107

Reduction in HCV RNA concentration at 24 h after single 1.50 = 0.45 0.95 = 0.69** 1.41 =060 1.21 =049
administration (logio)

Reduction in HCV RNA concentration at 24 h after combination 1.34 = 0.52 0.97 = 0.657*** 125+ 054 1.30 = 0.60

therapy (logio)

E1: amino acid139

NSBA: amino acids 2209-2248

Thr {n = 55) Ala (n=40) Non-wild {n = 46) Wild (n=61)
Pretreatment HCV RNA concentration (x10° {U/mL) 1809 + 985 1759 = 1374 1280 = 851 2115 = 1205****
Reduction in HCV RNA concentration at 24 h after single 1.34 = 0.64 1.40 = 0.53 1.40 £ 0.60 1.32 + 0.57
administration (logso)
Reduction in HCV RNA concentration at 24 h after combination 1.21 = 0.53 1.24 = 0.61 1.29 £ 057 1.25 = 0.55

therapy (logio)

Mean = SD.
*P=0.0260; **P< 0.0001; ***P=0.0025; ****P=0.0002.

Ala, Alanine; Arg, Arginine; Gin, Glutamine; Leu, Leucine; Met, Methionine; Thr, Threonine.

Table 3 Association between amino acid substitutions and responses to combination therapy with peginterferon and ribavirin

Core: amino acid70 Core: amino acid91

E1: amino acid139 NS5A: amino acids 2209-2248

Arg (n=70) Gin (n=29) Leu {n=76) Met (n=29) Thr (n=47) Ala (n=34) non-wild (n = 46) wild (n=61)
RVR 6 (65.7) 0 6 (43.4) 2 (44.8) 1(46.8) 4 (38.2) 7 (15.2) 1(1.6)**
cEVR 39 (565.7) 1@8.6)* 33 (43.4) 13 (44.8) 22 (46.8) 13 (38.2) 22 (47.8) 24 (39.3)
ETR 58 (82.9) 12 (41.4)* 58 (76.3) 18 (62.1) 36 (76.6) 23 (67.6) 35 (76.1) 42 (68.9)
SVR 33 (47.2) 1 @3.6)* 31 (40.8) 8 (27.6) 18 (40.4) 11 (32.3) 21 (45.7) 18 (29.5)
Relapse 25 (35.8) 11 (37.9) 27 (35.5) 10 (34.5) 17 (36.2) 12 (35.4) 14 (30.4) 24 (39.3)
NR 12 (17.2) 17 (68.6)* 18 (23.7) 11 (37.9) 11 (23.4) 11 (32.3) 11 (23.9) 19 (31.1)

*P<0.0001; **F=0.0229.

Ala, Alanine; Arg, Arginine; cEVR, complete early virologic response; ETR, end-oftreatment response; Gin, Glutamine; Leu, Leucine; Met, Methionine;

NR, no response; SVR, sustained virologic response; Thr, Threonine.

difference in the rates of cEVR, ETR, and SVR according to the
amino acids at position 91 or 139, or the sequence 2209-2248. In
contrast, the NR rate was significantly lower in patients with Arg
at position 70 than in those with Gln at that position (P < 0.0001).
We found no difference in the rates of cEVR, ETR, or SVR
according to the identities of amino acids 91 or 139, or the
sequence 2209-2248. The results were the same when we focused
on 72 treatment-naive patients (data not shown; see Table S1).

Univariate and multivariate analyses for
baseline factors affecting response to
combination therapy with peginterferon
and ribavirin

Univariate and multivariate analyses were conducted for baseline
factors that could affect cEVR, ETR, or SVR. In univariate analy-
sis, serum gamma-glutamyl transpeptidase level (P =0.0025),
serum albumin level (P = 0.0008), and the amino acid at position
70 of the HCV core region (Arg versus Gln, P <0.0001) were
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significantly associated with cEVR, and platelet count
(P=0.0707) was associated with cEVR but not significantly. In
multivariate analysis, the identity of amino acid 70 of the HCV
core region (P =0.0013), serum albumin level (P =0.0265), and
serum gamma-glutamyl transpeptidase level (P =0.0308) inde-
pendently affected the rate of cEVR (Table 4). Serum gamma-
glutamy! transpeptidase level (P = 0.0004), serum albumin level
(P =0.0015), white blood cell count (P = 0.0490), and the identity
of amino acid 70 (P < 0.0001) were significantly associated with
ETR, and serum alkaline phosphatase level (£ = 0.0814) was asso-
ciated with ETR but not significantly by univariate analysis. By
multivariate analysis, the identity of amino acid 70 (P =0.0010)
and serum gamma-glutamyl transpeptidase level (P =0.0055)
independently affected ETR (Table 5). In the analysis of factors
affecting SVR, serum albumin level (P = 0.0069), platelet count
(P =0.0238), amino acid 70 of the HCV core region (P < 0.0001)
were significantly associated with SVR, and serum gamma-
glutamyl transpeptidase level (P = 0.0832) and the liver fibrosis
grade (FO and F1 versus F2 and F3, P =0.0998) were associated
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Table 4 Multivariate analysis for factors affecting complete early virologic response

Factor Parameter Standard X Odds ratio P value
estimate error (95% confidence interval)
---Gamma-glutamyl transpeptidase by 11U ~0.0162 0.0075 4.66 -~ 0:0053(0:0000=0:3807) ~
Albumin by 1.0 g/dL 2.3638 1.0650 4.93 181.33 (2.4858-25744) 0.0265
Platelet count by 1.0 x 10%/uL 0.0179 0.0554 0.10 1.5106 (0.1243-19.838) 0.7460
Core-70 1: Arginine 1
2: Glutamine -1.7453 0.5429 10.33 0.0305 (0.0016-0.1719) 0.0013
Table5 Multivariate analysis for factors affecting end-of-treatment response
Factor Parameter Standard X Odds ratio P value
estimate error (95% confidence interval)
Alkaline phosphatase by 1 1U/L -0.0028 0.0037 0.59 0.3034 (0.0137-6.6841) 0.4428
Gamma-glutamyl transpeptidase by 11U -0.0162 0.0058 7.72 0.0053 {0.0001-0.1738) 0.0055
Albumin by 1.0 g/dL 1.2821 0.7700 2.77 16.787 (0.7440-626.72) 0.0959
White blood cell count by 1/pL 0.0004 0.0002 3.09 12.603 (0.8685-269.45) 0.0787
Core-70 1: Arginine 1 .
2: Glutamine —-0.9882 . 0.3008 10.80° 0.1386 (0.0400-0.4347) 0.0010
Table 6 Multivariate analysis for factors affecting sustained virologic response
Factor Parameter Standard X Odds ratio P value
estimate error (95% confidence interval)
Gamma-glutamyl transpeptidase by 11U -0.0015 0.0057 0.07 0.6201 (0.0121-20.764) 0.7962
Albumin by 1.0 g/dL 1.4230 0.8788 2.62 22.888 (0.6793-1381.2) 0.1054
Platelet count by 1.0 x 10%/uL 0.0511 0.0556 0.84 3.2365 (0.2734-44.588) 0.3585
Fibrosis 1: FO/F1 1
2: F2/F3 0.0661 0.2976 0.05 1.1413 (0.3557-3.7626) 0.8242
Core-70 1: Arginine 1
2: Glutamine -1.5097 0.5364 7.92 0.0488 (0.0026-0.2661) 0.0049

with SVR but not significantly by univariate analysis. By multi-
variate analysis, only amino acid 70 of the HCV core region
independently affected SVR (P = 0.0049, Table 6).

Discussion

In the present study, we validated the association of several
reported amino acid substitutions with IFN sensitivity and with
the response to combination therapy with PEG-IEN and ribavirin.
‘We found that total rate of SVR in the present study was consid-
erably lower (36.5%) in comparison to previous reports on PEG-
IFN and ribavirin combination therapy for patients with HCV
genotype 1b. The reason for this was unknown. It could be partly
because patients with a history of previous IFN therapy (retreat-
ment cases) were included to the study population, partly because
we focused on patients with higher pretreatment HCV RNA con-
centration, and partly because all patients completed the treat-
ment at 48 weeks without elongation. In addition, more patients
with HCV strain resistant to IFN might be included in the study
patients, although we enrolled all patients who fulfilled the inclu-
sion criteria.

We found a significant difference in pretreatment HCV RNA
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concentration according to the amino acid sequence 2209-2248 of
the HCV NS5A protein. The original report® of an association
between the amino acid sequence 2209-2248 of HCV NS5A and
the response to IFN monotherapy showed a higher pretreatment
HCV RNA concentration in patients with the wild type sequence
of the HCV NS5A protein. Our results are in agreement with this
result. We found a significant difference in the reduction in HCV
RNA concentration at 24 h after a single administration of con-
ventional IFN-alpha, according to the amino acid at position 70 of
the HCV core protein. The reduction of HCV RNA concentration
after a single administration of conventional IFN was significantly
less marked in patients with Gln at position 70. The reduction after
a single administration of conventional IFN was considered to
reflect the resistance to IFN, and this result suggests a difference in
sensitivity to IFN between HCV with Arg at position 70 and that
with Gln at position 70. In previous studies, Jessner er al. % and
Boulestin ef al.?” reported the importance of the decrease in serum
HCV RNA concentration at 24 h after a single administration of
conventional IFN in distinguishing HCV strains that are resistant
to IFN-based antiviral therapy against HCV. We suggest that HCV
with Glutamine at position 70 might be resistant to IFN-based
therapy.
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In the association between amino acid identities and the response
‘to the combination therapy, the identity of the amino acid at position
70 was solely and strongly associated with cEVR, ETR, and SVR.
In addition to the effect of the substitution of amino acid 70 of the
HCV. core region, Akuta er al.3? reported the effect of the sub-
stitution of amino acid 91 of the HCV core region and Donlin ez al.”
suggested the effect of the substitution of amino acid 139 of the
HCYV EI region on the response to the combination therapy with
PEG-IFN and ribavirin in patients infected with HCV genotype 1b.
More recently, Mori er al* reported the effect of amino acid
sequence 2209-2248 of the HCV NS5A region; in addition to the
effect of amino acid 70 on the response to combination therapy in
Japanese patients with HCV genotype 1b. In contrast to these
reports, we did not find an association between these substitutions
and the response to the combination therapy. The reason for this
discrepancy is unknown. It might be partly because we focused on
patients with high pretreatment HCV RNA concentration.

The predictive value for SVR of Arg at position 70 was not high
(47.2%). In contrast, the predictive value for the lack of SVR of
Gin at position 70 was extremely high (96.5%). The influence of
amino acid identity at position 70 was therefore closely related to
the resistance to IFN of HCV with Gln at position 70. Recently,
Okanoue er al. reported the close association of amino acid iden-
tity at position 70 not with SVR but with the lack of SVR.* Our
results supported their findings and, in addition, our results showed
the direct resistance to IFN of HCV with Gln at position 70.

There are several limitations of the present study. The patients
studied were all Japanese. The effect of amino acid 70 on combi-
nation therapy with PEG-IFN and ribavirin should therefore be
verified in other ethnicities. Also, all patients studied had high
pretreatment HCV RNA concentration (>100 x 10° TU/mL). If
HCV genotype 1b with amino acid 70 of Gln is resistant to IFN,
the lower rates of cEVR, ETR, or SVR will be maintained in
patients with HCV genotype 1b but with lower pretreatment HCV
RNA concentration. This should also be clarified in the future. In
addition, there are no reported mechanisms which could explain
the effect of this amino acid substitution on the effectiveness of the
combination therapy against HCV. This area should be studied in
the future.

In conclusion, the results of the present study show that the
substitution of amino acid 70 of the HCV core region was strongly
associated with resistance to TFN and was independently associ-
ated with the response to the combination therapy with PEG-IFN
and ribavirin in Japanese patients with HCV genotype 1b, presum-
ably due to this resistance to IFN of HCV with Gln at position 70.
The determination of the identity of amino acid 70 of the HCV
core region can be useful for prediction of the resistance to com-
bination therapy in this patient subpopulation, and can be useful
for the decision of the indication of this therapy. Further studies in
larger patient populations including multiple ethnicities will be
needed to validate the significance of these amino acid substitu-
tions and others which have been reported.
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Hepatitis C virus (HCV) infection is widespread, with
170 million carriers worldwide (1). HCV infection leads
to chronic hepatitis, cirrhosis and hepatocellular carci-
noma (HCC), and it is a major global health issue. HCV,
a hepatotropic Flavivirus, is formed by a positive, single-
stranded RNA genome of about 9600 nucleotides that
contains an open reading frame. HCV has two structural
proteins, core protein and envelope protein. HCV core
protein induces oxidative stress, which contributes to the
pathogenesis of chronic hepatitis C. Transgenic mice that
express HCV core protein develop hepatic steatosis and
increased reactive oxygen species (ROS) production
without inflammation (2, 3). Oxidative stress plays an
important role in patients with chronic hepatitis C. It has
been reported that 8-hydroxy-2'-deoxyguanosine (8-
OHAG) reflects oxidative DNA damage by hydroxyl
radicals (4, 5) and increases in the liver tissue and
circulating leucocytes of patients with chronic hepatitis
C (6-8). Hepatic oxidative stress is associated with the
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Abstract

Background: Liver steatosis and hepatic oxidative stress are the histopatholo-
gical features of chronic hepatitis C. Hepatitis C virus (HCV)) genotype 1 core
protein induces hepatic steatosis and reactive oxygen species production in
transgenic mice. The amino acid substitutions in the HCV core region appear
to be related to hepatocarcinogenesis. Aims: The aim of this study was to
clarify the impact of mutations in the HCV core region on oxidative stress and
lipid metabolism in patients with chronic hepatitis C. Methods: Sixty-seven
patients (35 men, 32 women; mean age, 58.4+10.2 years) with chronic
hepatitis C with high titres (> 5logIU/ml) were enrolled. Substitutions in
amino acids 70, 75 and 91 of the HCV genotype 1b core region, the percentage
of hepatic steatosis, and hepatic 8-hydroxy-2'-deoxyguanosine (8-OHAG)
levels were investigated in all patients. Urinary 8-OHdG levels were measured
in 35 patients. Results: Body mass index, alanine aminotransferase, y-gluta-
myl transferase, and triglyceride levels and substitutions of amino acid 70/Q
(glutamine) were significantly associated with the presence of steatosis on
univariate analysis. Multivariate analysis showed that substitution of amino
acid 70 of glutamine and triglyceride levels were the independent factors
related to liver steatosis. Hepatic and urinary 8-OHdG levels were significantly
higher in patients with methionine at amino acid 91 of the HCV core region
than in those with leucine. Conclusion: Substitutions in the amino acids of the
HCV genotypelb core region are associated with hepatic steatosis and
oxidative stress in patients with chronic hepatitis C.

progression of fibrosis and increases the risk for HCC
(9, 10). Therefore, the evaluation of oxidative stress in
patients with chronic hepatitis C would be useful for
understanding the pathogenesis of hepatitis. Not only
hepatic oxidative stress but also lipid metabolism ab-
normalities, such as liver steatosis, are the histopatholo-
gical features of human chronic hepatitis C. Several
factors, such as metabolic syndrome, obesity and a high
body mass index (BMI) have an influence on liver
steatosis in chronic hepatitis C patients (11). Viral factors
such as HCV genotype 3 and core protein, as well as host
factors, contribute to the development of hepatic steato-
sis (12, 13). Therefore, several studies demonstrated that
HCV core protein has close relationships both with
induction of ROS and lipid metabolism, such as liver
steatosis (14). However, these associations are not fully
understood. Recently, some studies have indicated that
amino acid substitutions in the HCV core region of
genotype 1b were related to response to interferon
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(IFN)-ribavirin combination therapy (15, 16) and in-

sulin resistance (17). We speculated that these mutations

in the HCV core region may be related to hepatic
steatosis' and oxidative stress in chronic hepatitis C
patients. To investigate this hypothesis, we analysed the
impact of amino acid substitutions in the HCV core
region on histological hepatic steatosis and hepatic and
urinary 8-OHdG levels.

Methods
Patients

Sixty-seven patients with chronic hepatitis C who were
treated at Kakegawa City General Hospital between
December 2004 and December 2008 were enrolled. The
patients were 35 men and 32 women, with a mean age of
58.4 years. The exclusion criteria were: co-infection with
hepatitis B virus and human immunodeficiency virus,
drug addiction, alcoholism, autoimmune hepatitis, co-
existing serious psychiatric or mental illness and preg-
nancy. All patients were genotype 1b with high titres
(> 5log1U/ml), and they were treated using a combina-
tion therapy with pegylated IFN and ribavirin. Peginter-
feron-a-2b (Peglntron; Schering Plough, Osaka, Japan)
was given once a week for 48-72 weeks. Oral ribavirin
(Rebetol; Schering Plough) was given at a dose of
600 mg/day to patients who weighed < 60kg and ata
dose of 800mg/day to those who weighed > 60kg
during the treatment period. Before therapy, blood and
urine were sampled in the morning of the day of the liver
biopsy after overnight fasting.

Liver histology

Ultrasound-guided percutaneous needle liver biopsies
were performed in all 67 patients. All liver biopsies were
reviewed by a pathologist who was blinded to the clinical
and laboratory findings. Liver biopsy specimens were
classified in terms of fibrosis and necroinflammatory
activity according to the classification by Desmet et al.
(18). Findings of steatosis were assessed according to the
percentage of hepatocytes containing fat droplets and
graded as follows: 0 (no steatosis), 1 (< 33% of hepato-
cytes affected), 2 (33—66% of hepatocytes affected) and 3
(> 66% of hepatocytes affected).

Histological examination for 8-hydroxy-2'-
deoxyguanosine in the liver

Histological 8-OHdG in the liver was quantified using
liver biopsy samples taken before IFN therapy, as re-
ported previously (19). The sections were stained using
mouse monoclonal antibody against 8-OHAG (5 pg/ml;
Japan Institute for the Control of Aging, Fukuroi,
Shizucka, Japan). Nuclei positive for 8-OHAG were
counted in two non-overlapping randomly selected
fields. The degree of oxidative stress of the liver was

Liver International (2009)
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expressed by the average percentage of hepatocytes with
8-OHdG-positive nuclei in the two fields.

Urinary 8-hydroxy-2/-deoxyguanosine

Urine samples were collected before treatment in 35 of
67 patients. Urinary 8-OHdG levels were measured in 35
patients. The 8-OHAG concentration was determined
using an enzyme-linked immunosorbent assay kit (Japan
Institute for the Control of Aging; Nikken SEIL Corpora-
tion; Fukuroi, Shizuoka, Japan), and the urinary creati-
nine concentration was determined by a standard
automated colorimetric assay. Then, urinary 8-OHdG
was normalized for the urinary creatinine level, and it
was presented as the urinary [8-OHdG (ng/ml)/creati-
nine (mg/ml)] ratio.

Amino acid substitutions in the hepatitis C virus core

region of genotype 1b

Direct sequencing of the core region was carried out as
reported previously but with modifications (20). In brief,
RNA was extracted from 140 pul sera with a commercial
kit (QIAamp viral RNA kit; Qiagen, Valencia, CA, USA)
and dissolved in 50pl diethylpyrocarbonate-treated
water. Ten nanograms of RNA were used for reverse
transcription with oligo and random hexamer primers
with a commercial kit (iScript cDNA synthesis kit; Bio-
Rad, Hercules, CA, USA). The core region was amplified
by nested PCR. In brief, each 50 pl PCR reaction con-
tained 100 nM of each primer, 1 ng template cDNA, 5 pl
GeneAmp x 10 PCR buffer, 2ul dNTPs and 1.25U
AmpliTaq Gold (Applied Biosystems, Foster City, CA,
USA). Primer sequences were as follows: sense, 5'-GGG
AGGTCTCGTAGACCGTGCACCATG-3' and antisense,
5'-GAGMGGKATRTACCCCATGAGRTCGGC-3’. Am-
plification conditions consisted of 10min at 94 °C fol-
lowed by 40 cycles at 94 °C for 10s, 55°C for 30s and
72 °C for 30 s in a thermal cycler (GeneAmp PCR System
9700; Applied Biosystems). The second PCR was per-
formed in the same reaction buffer with the first-round
PCR product as template, the sense primer 5'-AGACC
GTGCACCATGAGCAC-3’ and antisense primer 5'-TAC
GCCGGGGGTCAKTRGGGCCCCA-3'. PCR products
were separated by electrophoresis on 2% agarose gels,
stained with ethidium bromide and visualized under
ultraviolet light. PCR products were then purified and
sequenced with the second-round PCR primers with a
dye terminator sequencing kit (BigDye Terminator v1.1
Cycle sequencing kit; Applied Biosystems) and an ABI
310 DNA sequencer (Applied Biosystems).

Statistical analysis

Quantitative values were expressed as means= SD or
medians. Each data set was first evaluated for normality
of distribution by the Shapiro-Wilk test to decide
whether a non-parametric rank-based analysis or a
parametric analysis should be used. Between-group
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differences in mean quantitative values were analysed
using the Kruskal-Wallis H-test, and differences between
two groups in non-parametric data were analysed by the
Mann-Whitney U-test, -test and Fisher’s exact prob-
ability test. Differences in parametric data were analysed
using the paired #-test. Correlations between variables
were tested using Spearman’s rank-correlation analysis.
The parameters that were found to be significant on
univariate analysis were further processed through multi-
variate logistic regression analysis. All P values were two
tailed, and P < 0.05 was considered statistically signifi-
cant. Statistical analysis was carried out using spss version
16.0 for winpows (SPSS Inc., Chicago, IL, USA).

Results

The patients’ clinical characteristics are shown in Table 1.
Comparisons of clinical characteristics according to the
-presence of steatosis are shown in Table 2. There were
significant positive associations between the presence of
steatosis and BMI, alanine aminotransferase levels,
v-glutamyltransferase levels, triglyceride levels and sub-
stitutions of amino acid 70. On multivariate logistic
regression analysis, factors associated with steatosis were

Table 1. Clinical characteristics (n=67)

Characteristics
Age (years) 58.44+10.2
Gender (male/ffemale) 35/32
Body mass index 21.9+£28
Laboratory data
AST (1U/L) 61.0£36.2
ALT (JU/L) 62.4+37.4
v-GTP (IU/L) 52.9+45.4
Cholesterol (mg/dl) 181.14439.38
Triglycerides (mg/d)) 92.69+£41.33
Platelet count ( x 10%/ml) 16.4+4.3
Serum ferritin (ng/ml) 156.8+144.9
HOMA-IR 3554458
Liver histology
Inflammatory activity (AO/A1/AZ/A3) 16/44/6/1
Fibrosis staging (FO/F1/F2/F3/F4) 10/28/15/14/0
Liver steatosis (Grade 0/1/2/3) 22/40/5/0
Liver steatosis (%) 8.43+12.1
Hepatic 8-OHdG (absent/present) 19/48
Hepatic 8-OHdG (%) 42.67 £31.56
Urinary 8-OHdG (ng/mg Cn)™* 10.99 +5.27
Amino acid substitutions of HCV core region

aa 70 (arginine/glutamine/histidine) 42/23/2

aa 75 (threonine/alanine/serine/valine) 26/38/2/1

aa 91 (leucine/methionine) 43/24

Data are expressed as mean = SD, and the numbers represent number of
patients.

*35 patients were available.

ALT, alanine aminotransferase; AST, aspartate aminotransferase; core aa,
core amino acid; y-GTP, y-glutamyltransferase; HCV, hepatitis C virus;
HOMA-IR, the index of homeostasis model assessment-insulin resistance;
8-OHdG, 8-hydroxy-2'-deoxyguanosine.
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substitutions of amino acid 70/Q (glutamine) and trigly-
ceride levels (Table 3).

Table 4 shows correlations between hepatic/urinary
8-OHdG levels and amino acid substitutions at positions
70/75/91 in the HCV core region. The hepatic 8-OHdAG
levels were significantly lower (P=0.0453) in the patient
group without methionine (non-M) than in the patient
group with methionine (M) at amino acid 91 of the HCV
core region. The urinary 8-OHdG levels were signifi-
cantly lower (P=0.0112) in the patient group without M
than in the patient group with M at amino acid 91 of the
HCV core region. There were significant correlations
between expression of hepatic and urinary 8-OHdG
levels. We defined absence of oxidative stress as
8-OHdG < 10%, while 8-OHdG > 10% indicated the
presence of oxidative stress. Substitutions at amino acid
91/M were detectable in 22 of 48 (45.8%) patients with
hepatic oxidative stress, but in only two of the 19 (10.5%)
patients without hepatic oxidative stress. There were
significant positive associations between the presence of
hepatic oxidative stress and substitutions of amino acid
91/M (P=0.00977). A sustained virological response
(SVR) was achieved by 28 of 59 (47.5%) patients. In the
patient group with non-Q (arginine or histidine) at
amino acid 70, SVR was achieved by 24 of 40 (60%)
patients. In the patient group with Q (glutamine) at
amino acid 70, SVR was achieved by four of 19 (21.1%)
patients. There was a significantly higher rate of SVR
(P=0.0117) in the patient group with non-Q (arginine
or histidine) than in the patient group with Q (gluta-
mine) at amino acid 70. There were no significant
differences in substitutions of other amino acids (75,
91) on the efficacy of treatment.

We retrospectively assessed changes in urinary
8-OHdG levels before and after treatment in 18 patients.
Twelve patients had achieved SVR, another six patients
were non-virological response (NVR). The urinary
8-OHAG levels were significantly decreased in SVR
patients after treatment (P=0.0164). On the other hand,
no significant change was observed in NVR patients.

Discussion

A high prevalence (67%) of steatosis was found among
patients with chronic hepatitis C. Liver steatosis is one of
the most important histopathological features in patients
with chronic hepatitis C. However, it remains uncertain
whether liver steatosis is related directly to the virus or is
secondary to host factors. It has been suggested that HCV
genotype 3 is closely associated with liver steatosis (21).
However, in patients who did not have genotype 3, it has
been reported that liver steatosis occurred through
oxidative stress and insulin resistance with HCV infec-
tion (22-24). A recent report has shown that only HCV
core protein is necessary for liver steatosis, and the
interaction of HCV core protein leads to the activation
of the sterol regulatory element-binding protein — lc
promoter and development of liver steatosis (25-27).
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Table 2. Clinical characteristic of the patients according to the prevalence of steatosis (n=67)

Characteristics Steatosis absent (n=22) Steatosis present {(n=45) P values
Age (years) 57.14+12.87 59.06 +8.69 NS
Gender (male/female) 12/10 23/22 ’ NS
Body mass index 20.57 +2.46 22.57+£2.79 0.0080
AST 48,45 +20.77 66.96 + 40.62 NS
ALT 48.09427.95 69.40 4 39.59 0.023
¥-GTP 35.364£23.0 61.494£51.03 0.0067
Cholesterol 181.59+£40.72 180.41+£39.15 NS
Triglycerides 80.91+39.21 98.59+£41.53 0.043
Platelet count 16.354:4.93 15.09+3.93 NS
HOMA-IR 1.79+0.87 42945.43 0.064
Serum ferritin 134214 164.57 167.87 £134.84 0.093
Hepatic 8-OhdG (absent/present) 7/15 12/33 NS
Substitutions of aa

aa 70 (non-Q/Q) 20/2 24121 0.00243

aa 75 (non-A/A) 12/10 14/31 NS

aa 91 (non-M/M) 14/8 29/16 NS
Inflammatory activity (AO/A1/A2/A3) {8/13/0/1) (8/31/6/0) NS
Fibrosis staging (FO/F1/F2/F3/F4) (4/11/3/4/0) (6/17/12/10/0) NS

Data analysis were performed using Mann-Whitney U-test, x>~test and Fisher’s exact probability test and Kruskal-Wallis H-test.
ALT, alanine aminotransferase; AST, aspartate aminotransferase; y-GTP, y-glutamyltransferase, HOMA-IR, the index of homeostasis model assessment-
insulin resistance; NS, not significant; 8-OHdG, 8-hydroxy-2'-deoxyguanosine.

Table 3. Associations with steatosis found in multivariable logistic regression (n=67)

Characteristics Category Odds ratio 95% Cl Pvalues

BMI 1. <225 2.069 0.540-7.928 0.289
2: 225

Core amino acid 70 substitution 1: 70 non-Q 7.336 1.178-45.685 0.033
2:70Q

ALT 10 <44 3.012 0.661-13.729 0.154
2: >44

y-GTP 1. <26 1.923 0.406-9.097 0.410
2: >26

Triglycerides 1. <86 4.025 1.038-15.612 0.044
2: =86

Serum ferritin 1: <96 1.306 0.311-5.489 0.715
2: =96

AL, alanine aminotransferase; BMI, body mass index; 95% Cl, 95% confidence interval; y-GTP, y-glutamyltransferase.

Thus, HCV core protein interacts with several pathways,
including lipid metabolism, and could be a factor causing
liver steatosis. HCV genotype 3 induced much more
steatosis than genotype 1. Sequence analysis to identify
the mutations that are associated with steatosis in
genotype 3 has been performed, and it has been reported
that amino acids 164, 182 and 186 of the HCV genotype
3 core region affect lipid metabolism (28, 29).

Hepatic steatosis in HCV genotype 1 and the expres-
sion of HCV core protein were evaluated, and the
sequence variations related to steatosis were unclear. We
found that there was a significant association between the
prevalence of steatosis and substitutions of amino acid 70
on multivariate logistic regression analysis. Substitutions
at amino acid 70/Q were detectable in 21 of 45 (46.7%)
patients with steatosis, but only in two of the 22 (9.1%)
patients without steatosis (P=0.00243). The major ami-

Liver International (2009)
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no acid 70 of genotype 3a was arginine, which defined the
non-Q group. Thus, HCV genotype 1b with the amino
acid 70/Q, which frequently caused steatosis, was not
common in genotype 3a. HCV genotype 1b with 70/Q
would enhance fatty acid synthase promoter or accelerate
intracellular lipid accumulation as well as genotype 3, but
further investigations are needed to confirm these spec-
ulations. Although the effect of substitutions of the core
amino acid 70 is unclear, liver steatosis was increased by
substitutions of the amino acid 70/Q of HCV genotype
1b core region. .

The other factor that was related to liver steatosis was
triglyceride levels. Lipid metabolism should be associated
with liver steatosis, and triglyceride levels would be
expected to be an index of the degree of liver steatosis.
Several investigators have reported that host factors such
as high BMI, obesity and insulin resistance were related
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Table 4. Hepatic 8-OHdG (n=67) and urinary 8-OHdG (n = 35) according to amino acid substitutions in core region

Amino acid 70 Amino acid 75 Amino acid 91

Non-Q Q Non-A A Non-M M
Hepatic 8-OhdG (%) 42.71431.0 42.60+33.2 47.54+29.5 39.95+32.7 37.14+31.1 52.58£30.6
Pvalues NS NS P=0.045
Urinary 8-OhdG (ng/ml Cr) 10.26+4.9 12.56+£5.9 12.14+£7.3 10.39+39 9.31+3.7 15.87+6.3
Pvalues NS NS P=0.011

Data are expressed as mean = SD. Data analysis were performed using Mann-Whitney U-test.

Core amino acids: Q, glutamine; A, alanine; M, methionine.
NS, not significant; 8-OHdG, 8-hydroxy-2'-deoxyguanosine.

to steatosis in patients with chronic hepatitis C. The
prevalence of steatosis was significantly associated with
increased BMI in the present study (P=0.0080). There
was a slight association with an increased index of
homeostasis model assessment-insulin resistance, though
this was not statistically significant (P=0.064). The
prevalence of steatosis (67%) observed was compatible
with previous reports (30). However, the BMI
(mean=21.9) in the present study was less than in
previous reports, and there were no patients with a BMI
over 30; thus, the influence of obesity on liver steatosis
was avoided. Although the BMI was low, the fact that the
same level of liver steatosis was observed in the present
study as in the past shows that HCV has an influence on
liver steatosis that is independent of the BMIL.

The substitutions of amino acid 91 of the HCV
genotype 1b core region were associated with oxidative
stress. Previous studies have shown that expression of the
HCV core protein causes oxidative injury as a direct
effect on mitochondria and increased ROS production in
transgenic mice (14). One clinical study revealed that the
rates of hepatocarcinogenesis in patients infected with
the wild type of HCV core region were lower than in
those with the mutant type (31). These results demon-
strated that oxidative stress was related to substitutions of
the HCV core region and the expression of HCV core
protein. However, the effects of substitutions in the core
region on core proteins are unknown. This might be due
to differences in function through changes in the sec-
ondary structure or in the regulation of the expression
level of HCV core protein and metabolic pathways.
Further experiments are needed to clarify the mechan-
isms of these mutations.

Anti-oxidative stress treatment would be an option, |,

especially for patients with substitution of amino acid 91/
M of the HCV core region. Urinary 8-OHdG is a useful
indicator that reflects systemic oxidative stress, as does
hepatic 8-OHdG (32). Urinary 8-OHdG was superior to
hepatic 8-OHdG because it is easy to measure. Therefore,
serial urinary 8-OHdG levels in patients who received
IFN therapy were evaluated, and it was confirmed that
patients who achieved SVR had reduced oxidative stress.
While the patient is on anti-oxidative stress treatment,
the urinary 8-OHdG level would be a useful biomarker of
oxidative stress for routine clinical use.
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Oxidative stress as measured by 8-OHdG levels and
hepatic steatosis were the common characteristics of
chromic hepatitis C. Oxidative stress and hepatic steatosis
were independent factors, but they are related; oxidative
stress and hepatic steatosis have similar relationships
with the HCV core region but different mutations are
involved. The HCV core would be a key to the solution of
the mechanism of HCV infection. Large clinical studies
and formal basic research are needed to clarify these
issues.

In conclusion, our results indicate that substitutions in
amino acid 70 of the HCV core region were associated
with hepatic steatosis, and similar relationships between
substitutions in amino acid 91 and hepatic oxidative
stress exist. Therefore, HCV core protein would be one of
the most important factors for the development of liver
steatosis and hepatic oxidative stress in chronic hepatitis
C patients.
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Effects of interferon-o-transduced tumor cell vaccines and
blockade of programmed cell death-1 on the growth of

established tumors

R Omori', J Eguchi’, K Hiroishi', S Ishii’, A Hiraide', M Sakaki’, H Doi’, A Kajiwara', T Ito", M Kogo? and M Imawari’

Interferon-alpha (IFN-a) has strong antitumor effects, and IFN-o gene therapy has been used clinically against some cancers. In
this study, we evaluated the efficacy of the combination of IFN-a-transduced tumor cell vaccines and programmed cell death 1
(PD-1) blockade, and investigated the mechanisms of the antitumor effects of the combined therapy. A poorly immunogenic
murine colorectal cancer cell line, MC38, was transduced to overexpress IFN-o. In a therapeutic model, parental tumor-bearing
mice were inoculated with MC38-IFNa. cells and an anti-PD-1 antagonistic antibody. Analyses of immunchistochemistry and
tumor-specific lysis were performed. The outgrowth of the established tumors was significantly reduced in mice treated with
the combination of IFN-o and anti-PD-1. Immunohistochemical analyses of the therapeutic model showed marked infiltration of
CD4™ cells and CD8™ cells in the established MC38 tumors of mice treated with both IFN-o; and anti-PD-1. Significant tumor-
specific cytolysis was detected when splenocytes of mice that were treated with both [FN-o. and anti-PD-1 were used as
effector cells. These results suggest that blockade of the PD-1 PD-ligand enhanced the Th1-type antitumor immune responses
induced by IFN-o. The combination of IFN-o. gene-transduced tumor cell vaccines and PD-1 blockade may be a possible .

candidate for a cancer vaccine for clinical trials.
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INTRODUCTION
Cellular immune responses are thought to be impaired in patients
with advanced malignant tumors, and tumors are thought to
escape immune surveillance of patients by several mechanisms.'”
To overcome the immune suppression or immune escape of
patients with malignant tumors, novel approaches for inducing a
strong cellular immune response are needed in such patients.
Several studies have revealed that the cytokine gene transduction
of tumor cells induces potent antitumor immune responses
without systemic adverse effects in murine models. The sub-
cutaneous injection of the transduced cells can induce a local
inflammation at the site of tumor by the accumulation of
inflammatory cells, such as activated natural killer (NK) cells,
macrophages, dendritic cells and T lymphocytes.>™ As a result of
these phenomena, the clinical application of a vaccination using
gene-transduced tumor cells as a vehicle to deliver cytokines is
attractive.

interferon-alpha (IFN-c) has many biologic effects, including the
enhancement of IFN-a/B production,”® an antiviral function, the
inhibition of cell growth and antiangiogenesis.” IFN-u upregulates
the expression of major histocompatibility complex class |
molecules on the cell surface, enhances the proliferation of
type- helper T cells (Th1),'® and has an important role in the
generation of cytotoxic T lymphocytes (CTLs) in specific antitumor
immune responses.’’ We previously reported that IFN-o-expres-
sing tumor cells promote the survival of tumor-specific CTLs by
preventing apoptosis,’? and in addition, the combination of IFN-o.

gene therapy and either interleukin (IL)-4 or IL-12 gene therapy
was found to suppress the outgrowth of established tumors.'>™
Based- on these immunomodulating effects of IFN-o, it has been
used to treat patients with tumors, such as melanoma, renal cell
carcinoma and leukemia.

The programmed cell death-1 (PD-1) protein was first described
as a member of the B7 family of costimulatory molecules that
modulate T-cell antigen-specific receptor signaling and control T-
celi activation, inactivation and survival.'® Recently, PD-1 has been
identified as a marker of exhausted T cells in chronic infectious
disease,’®™** Among the numerous mechanisms of tumor-induced
immunosuppression by which tumors can escape from immune
surveillance, a number of studies have suggested a role of the
interaction between PD-1 and the programmed death-ligand 1
(PD-L1) in inhibiting the effector functions of antigen-specific
CD8 ™ T cells.?*2° PD-1 is expressed on tumor-infiltrating CD8* T
celfs in tumors or on antigen-specific CD8 T cells in hosts with
tumors, and the function of these PD-17% T cells is impaired.?’2®
PD-L1 is expressed at high levels in several different cancers,?® and
the high levels of expression of PD-L1 on tumors is strongly
associated with poor prognosis®*' A recent study showed that
the blockade of PD-1-PD-L signaling restored functional T-cell
responses in several cancers and, subsequently, improved clinical
outcomes. >3

In this study, the antitumor effects of the combination of IFN-o-
transfected tumor cell vaccine therapy and PD-1 blockade were
evaluated in a poorly immunogenic murine colorectal cancer
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system as a preliminary investigation of the combined therapy
before clinical studies. We show that, when parental tumor-
bearing mice were injected with IFN-c-overexpressing tumor cells
and anti-PD-1 blocking antibody, the outgrowth of the established
parental tumors was significantly suppressed. Furthermore, in
order to explore the mechanisms of the antitumor effects induced
by IFN-o and anti-PD-1 combination therapy, we performed
immunohistologic staining of the tumors and tried to induce
tumor-specific T lymphocytes.

MATERIALS AND METHODS

Mice

Female 6-week-old C57BL/6 (B6) mice were purchased from Sankyo Lab
Service (Tokyo, Japan) for use in experiments from 8 to 12 weeks of age.
Mice were maintained in an animal care facility at Showa University. This
study was approved by the ethical committee for Animal Experiments of
Showa University (permission #2011-1111).

Cell lines, culture medium and reagents

The MC38 murine colorectal adenocarcinoma cell line, the MCA205
fibrosarcoma cell line (both B6 mouse origin) and yeast artificial
chromosome-1 (YAC-1) lymphoma cells were maintained in RPMI-1640
medium supplemented with 10% heat-inactivated fetal calf serum, 2 mm -
glutamine, 1001UmI™" penicillin, 100 ugml™" streptomycin, 10 mm HEPES
buffer, Tmm minimum essential medium sodium pyruvate and 0.1 mm
minimum essential medium nonessential amino acids (complete medium)
in a humidified incubator with 5% CO, in air at 37°C. All cell culture
reagents were purchased from Life Technologies (Gaithersburg, MD). YAC-
1 cells were used as target cells in order to assess the nonspecific killing in
cytolytic assays.

The MC38 cell line was genetically modified in order to produce murine
IFN-0. (MC38-IFNa), as described previously.® The expression of IFN-o was
confirmed by enzyme-linked immunosorbent assay (ELISA) using a
commerdially available kit according to the manufacturer's instructions
(mouse IFN-or ELISA, PBL InterferonSource, New Brunswick, NJ). MC38 cells
expressing the neomycin-resistance gene following retroviral transduction
with MFG-Neo (MC38-Neo) were used as control cells.>* Gamma-irradiation
(100 Gy for tumor cells) was performed with Gammacell 3000 Elan (Nordion,
Kanata, ON, Canada). As reported previously, 1 x 10° cells of MC38-IFNo
produce IFN-a: 20.8 £ 0.5 ng/48h, and MC38-wild type (WT) cells do not
produce any IFN-o.. IFN-o. gene transduction does not affect the growth of
tumor cells in vitro or the survival of y-irradiated tumor cells.?®

In vitro culture of splenocytes from immunized mice stimulated
with a genetically modified MC38 or anti-PD-1 antibody

Mice were initially inoculated with 1 x 10° MC38-IFNa tumor cells on days
0, 7 and 14. Subsequently, MC38-immune mice received challenges of
3 x 10° MC38-WT cells on day 28. Splenocytes (3 x 10°cellsmi™") were
harvested from these mice on day 35 and then incubated in the presence
of irradiated (100 Gy) and genetically modified MC38 (2 x 10% cellsmi™) or
10pgml™" of anti-PD-1 antagonistic antibody (BioLegend, San Diego, CA)
either alone or in combination in complete medium. Cells were harvested
every 3 days, and cell numbers were determined microscopically. IFN-y
and IL-10 production of splenocytes from immunized mice were observed.
After 3 days of incubation, IFN-y and IL-10 concentrations in the culture
supernatant were measured by ELISA using a commerdially available kit
according to the manufacturer’s instructions {(mouse IFN-y ELISA and
mouse [L-10 ELISA, R&D Systems, Minneapolis, MN).

Flow cytometric analyses of lymphocytes from immunized mice
stimulated with a genetically modified MC38 or anti-PD-1
antibody

In order to observe the immunogenic effects of IFN-a and anti-PD-1
antibody, flow cytometric analyses was performed using FACSCalibur
(Nippon Becton Dickinson, Tokyo, Japan). After 7 days of in vitro
incubation, splenocytes from MC38-IFNe. immunized mice were harvested.

Cancer Gene Therapy (2012), 637-643

CD4™" and CD8* T cells were separated from splenocytes using CD4 and
CD8 microbeads (MACS system; Miltenyi Biotec, Bergisch Gladbach,
Germany), and isolated using an autoMACS Pro Separator (Miltenyi Biotec).
These cells were stained with fluorescein isothiocyanate-conjugated and
phycoerythrin-conjugated monoclonal antibodies. The monoclonal anti-
bodies used in this assay were anti-H—ZKb, CD4, CD8, CD25, 7-AAD
(obtained from Nippon Becton Dickinson) and caspase-8 (Medical and
Biological Laboratories, Nagoya, Japan) antibodies.

Therapeutic models

In order to evaluate the potential to treat established tumors, we measured
the size of established WT tumors of mice treated with genetically
modified MC38 cells and antibody, as previously described In brief, B6
mice were injected subcutaneously with 1 x 10° MC38-WT cells in the right
flank. fn all, 7, 10 and 14 days after the WT inoculation, treatment was
performed following the injection of 1 x 10° genetically modified MC38 or
200ug of anti-PD-1 antibody either alone or in combination into the
contralateral (left) flank. Each experiment involved six mice per group.
Tumor size was measured twice a week using vernier calipers. Experiments
with the therapeutic model were performed three times.

In vivo antibody-mediated depletion of leukocytes

To determine the role of the immune system in reduction of tumor growth
in vivo, CD4™ T cells, CD8™ T cells or NK cells were depleted as reported
previously.’® Culture medium of hybridomas producing the following
antibodies was used at appropriate dilutions/concentrations: anti-CD4
(GK1.5, TIB207; American Type Culture Colflection (ATCC), Manassas, VA),
anti-CD8 (243, TIB210; ATCC) and anti-asialo-GM1 (anti-NK cells; WAKO,
Osaka, Japan). All antibody doses and treatment regimens have been
identified for the same batch of antibodies used in preliminary studies.
Mice were inoculated with 1 x 10° cells of MC38-WT 3 days after depletion
of leukocytes, and MC38-IFNa and anti-PD-1 antibody combination
treatment were performed 7, 10 and 14 days after the WT inoculation.
This treatment was confirmed to completely delete the desired cell
population for the entire duration of the study, as determined by flow
cytometric analysis (data not shown).

Immunohistologic analysis

B6 mice were injected subcutaneously in the right flank with 1x 10°
MC38-WT cells. On days 7, 10 and 14, 1 x 10° MC38-IFNa and/or 200 pg of
anti-PD-1 antagonistic antibody were inoculated into the contralateral (left)
flank. Tumor tissues were harvested 4 days after the last inoculation (18
days after WT inoculation) and were immediately embedded in optimal
cutting temperature compound (Tissue-Tek, Elkhart, IN) and frozen. Serial
5-um sections were exposed to anti-CD4, anti-CD8a, anti-CD11c¢ and anti-
Gr-1 antibodies (Nippon Becton Dickinson) and anti-PDL1-antibody
(BioLegend). Rat IgG2a {Nippon Becton Dickinson) was used as a control
antibody. Immunostaining was completed with a Vectastain ABC kit
(Vector Laboratories, Burlingame, CA). Immunoreactive cells were visua-
lized using light microscopy (400 x ) and counted in 10 fields in a blinded
fashion. Each experiment involved two mice per group.

Induction of tumor-specific CTL

Mice were initially inoculated with 1 x 10° MC38-IFNa tumor cells and/or
200 ug of anti-PD-1 antibody on days 0, 7 and 14. Subsequently, MC38-
immune mice received challenges of 3 x 10° MC38-WT cells on day 28.
Splenocytes (3 x 10° cells mi™") were harvested from these mice on day 42
and then stimulated in vitro with irradiated (100 Gy) MC38-IFNct tumor cells
(3 x 10° celismi™). Seven days later, responder cells (1 x 10°cellsml™)
were restimulated with irradiated MC38-IFNo tumor cells (100 Gy, 1 x 10°
celismI™") and syngeneic dendritic cells (2 x 10° cellsml™) in the presence
of 501Uml™ of recombinant mouse IL-2 (R&D Systems). Dendritic cells
were generated from bone marrow cells of B6 mice using murine
granulocyte-macrophage colony-stimulating factor {10ngml™") and IL-4
(10ngml™ that was obtained from PeproTech EC (London, England), as
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reported previously.>® Cytolytic assays were performed 7 days after the last
stimulation using the responder cells as effector cells.

Cytolytic assays

Tumor-stimulated effector cells were assessed for cytolytic activity against
MC38-WT, MCA205 and YAC-1 cells in triplicate in a 4-h *'Cr-release assay.
Target cells (1 x 106 cellsmi™') were labeled with 3.7 MBq of Na,*'CrO, (GE
Healthcare, Tokyo, Japan) for 1h at 37 °C. Labeled cells were washed and
resuspended. Target cells (5 x 10%) and various numbers of effector cells at
the indicated effector to target ratios (ET) were plated in 200u! of
complete medium in each well of the 96-well round-bottom plates. 5'Cr-
release was measured after a 4-h incubation at 37 °C. The percent lysis was
determined using the formula {release in assay—spontaneous re-
lease) x 100/(maximum release—spontaneous release). Maximum release
was determined by the lysis of labeled target cells with 1% Triton X-100.
Spontaneous release was measured by incubating target cells in the
absence of effector cells and was <15% of maximum release.

Interferon-a and cell death block immunctherapy
R Omori et al
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Statistical analyses

Statistical analyses were carried out using means s.d., one-way analysis of
variance and Turkey's honestly significant difference post-hoc test.
Differences between groups were considered significant when the P
values were <0.05.

RESULTS

Anti-PD-1 antibody and IFN-a-overexpressing cells enhanced IFN-y
production and reduced IL-10 production by splenocytes from
mice immunized with MC38-IFNa

First, we observed the in vitro effects of MC38-IFNo: and the anti-
PD-1 antibody. Mice were initially inoculated with MC38-IFNo
three times. Subsequently, these mice received challenges of
MC38-WT cells 14 days after the last immunization. One week
later, splenocytes of the treated mice were harvested and
stimulated with the MC38-IFNa or anti-PD-1 antibody in vitro.
After 3 days of incubation, the IFN-y and IL-10 concentrations of
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Figure 1. (a) The combination of interferon {(IFN)-a and anti-programmed cell death-1 (PD-1) enhances IFN-y production but reduces the
interleukin (IL)-10 production of splenocytes obtained from mice immunized with MC38-IFNa after in vitro stimulation. Mice were inoculated
with MC38-IFNa cells three times and then injected with MC38-wild-type (WT) cells 2 weeks after the last MC38-IFNa inoculation. Seven days
later, mice were killed, and splenocytes from these mice were stimulated in vitro with MC38-IFNa cells alone or in combination with an anti-
PD-1 antibody. After 3 days of incubation, IFN-y and IL-10 concentrations in the culture supernatant were measured by an enzyme-linked
immunosorbent assay (ELISA). (b) Blockade of PD-1 reduced the level of apoptosis in lymphocytes from mice immunized with MC38-IFNc..
Splenocytes from mice immunized with MC38-IFNa were stimulated with MC38-IFNa or anti-PD-1 antibody. After 7 days of incubation,
splenocytes were isolated to CD4" and CD8™" T cells and stained with the phycoerythrin (PE)-conjugated anti-7AAD and fluorescein
isothiocyanate (FITC)-conjugated anti-caspase-8. Numbers in each histogram indicate the percentage of 7AAD ™ /caspase-8 T cells in the total
CD4™ or CD8™ population. These experiments were repeated three times, and a representative result is shown.
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Table 1. Flow cytometric analyses of lymphocytes from immunized
mice stimulated with a genetically modified MC38 or anti-PD-1
antibody
Caspase-8(—)/ Caspase-8(+)/ Caspase-8(+)/
Treatment 7AAD(-) 7AAD(-) 7AAD(+)
CD4
Control 55.29 10.74 33.97
Anti-PD-1 74.25 12.85 12.9
IFN-oc 47.72 11.72 40.56
{FNe+anti- 80.12 8.13 11.7
PD-1
D8
Control 68.32 414 27.08
Anti-PD-1 85.66 2.61 11.69
IFN-o 71.32 237 26.15
IFNo+anti- 86.35 2.16 11.46
PD-1
Abbreviations: IFN, interferon; PD-1, programmed cell death-1.
Numbers indicate the percentage of positive cells in the total CD4" or
CD8™ population.

the supernatant of each culture were measured by ELISA. IFN-y
production was clearly increased in the IFN-o and anti-PD-1
antibody-stimulated group compared with controls (IFN + anti-
PD-1 vs control, P=0.009; Figure 1a), whereas IL-10 production
was suppressed significantly (P<0.001, Figure 1a). In addition, the
proliferation rate of the splenocytes did not differ significantly
between the control group and the treatment groups (data not
shown). These results suggest that IFN-o. and anti-PD-1 elicited a
potent Th1-type response.

PD-1 blockade prevented the apoptosis of lymphocytes from mice
immunized with MC38-IFNo

To determine the immunogenic effects of IFN-a and PD-1
blockade, flow cytometric analyses was performed. Splenocytes
from mice immunized with MC38-IFNo. were stimulated with
MC38-IFNa. or anti-PD-1 antibody. After 7 days of incubation,
splenocytes were isolated to CD4* and CD8T T cells and
analyzed by flow cytometry. Treatment with anti-PD-1 antibody
decreased the population of caspase-8 * 7AAD' T-cell subsets
(Table 1 and Figure 1b). This result indicate that blockade of PD-1
reduced the level of apoptosis in both CD4™ and CD8* T cell.
Furthermore, there was no significant difference on percentage of
CD4™ regulatory T cells in every group (data not shown).

Therapeutic inoculations with the combination of IFN-o-
transduced MC38 tumor cells and the anti-PD-1 antibody
suppressed the in vivo growth of established MC38 tumors

We examined the therapeutic effects of MC38-IFNo and the anti-
PD-1 antibody. Mice bearing established WT MC38 tumors were
treated with an injection of MC38-IFNux alone, anti-PD-1 antibody
alone or the combination. Starting 7 days after the inoculation of
MC38-WT, mice were injected every 3 days with the MC38-IFNa
cells and/or the anti-PD-1 antibody in the opposite flank. A
significant suppression of outgrowth of the established tumors
was observed in the IFN-o. and anti-PD-1 combination treatment
group  (IFN-+anti-PD-1, 17417%3554mm? vs  control,
328.67 + 2636 mm® on day 28, P=0.020 vs controls; Figure 2a).
Although the mean tumor size of the mice was relatively
suppressed compared with the control group, the suppressive
effects on the established tumors were not significant when the
immunizations were performed with MC38-IFNo alone (IFN,
220.17 £36.70mm? vs control, 328.67 £26.36mm? on day 28,
P=0.121 vs controls) or with the anti-PD-1-antibody alone (anti-
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PD-1, 277.00+31.53 mm? vs control, 328.67 + 2636 mm? on day
28, P=0.636 vs controls).

CD4* and CD8™ cells are responsible for antitumor effects
induced by combination of IFN-g-transduced MC38 tumor cells
and the anti-PD-1 antibody

To characterize immune mechanisms suppressing in vivo tumor
growth in the therapeutic model, immunocompetent B6 mice
were depleted of CD4™ T cells, CD8 ™ T cells or asialo-GM1* cells
using specific antibodies. Depletion of CD4" T cells and CD8 * T
cells abrogated therapeutic effect induced by MC38-IFN« and anti-
PD-1 antibody combination treatment (Figure 2b). On the other
hand, depletion of NK cells did not affect to the tumor
suppression. These results suggest that both CD4* and CD8™* T
cells are responsible for antitumor response in mice treated with
IFN-o. and anti-PD-1.

Combined MC38-IFNa and anti-PD-1 antibody treatment induced
the infiltration of CD4- and CD8-positive cells in established WT
tumors

In order to analyze the antitumor mechanisms that were induced
by the combined IFN-a and anti-PD-1 therapy, we performed
immunohistochemical staining using the WT tumor tissues of the
treated mice. The results showed that marked infiltration of both
CD4 ' cells and CD8 ' cells had occurred by the addition of the
anti-PD-1 antibody compared with controls and the group treated
with MC38-IFNw alone (Table 2 and Figure 3). In addition, only a
few CD11c™ and Gr-17 cells could be detected in the WT tumors
of every group. These results suggest that the antitumor effects of
the IFN-o and anti-PD-1 therapy were dependent on both CD4*
cells and CD8™ cells.

Marked tumor-specific cytolysis was detected when splenocytes
from mice treated with both MC38-IFNo. and the anti-PD-1
antibody were used as effector cells

Mice were initially inoculated with MC38-IFNe and/or the anti-PD-
1 antibody on days 0, 7 and 14. Subsequently, these mice received
challenges of MC38-WT cells on day 28. Splenocytes of the treated
mice were harvested on day 35 and stimulated weekly in vitro with
the MC38-IFNo. cells twice. Cytolytic assays against the MC38 or
the YAC-1 cells, which are sensitive to NK cells, were performed 7
days after the second stimulation. A high specificity for MC38 was
observed when treatment was performed with MC38-IFNx alone
(325+72% for MC38 and 103126% for YAC-1, ET=20,
P=0.012; Figure 4a) or the combination of both MC38-IFNu and
the anti-PD-1-antibody (58.1 £ 6.7% for MC38 and 14.1 £ 1.7% for
YAC-1, ET =20, P<0.001). When splenocytes from mice that were
treated with only the anti-PD-1 antibody were used as effector
cells, comparable cytolysis was detected for both targets of MC38
and YAC-1 cells (18.6 £ 5.9% for MC38 and 18.2 +2.7% for YAC-1,
ET =20, P=0.231). Compared with the IFN-o or anti-PD-1 single
treatment groups, significant cytotoxicity against MC38 was
observed in the IFN-o. and anti-PD-1 combination treatment
group (P<0.001 vs anti-PD-1, P=0.002 vs MC38-IFNg; Figure 4b).
These findings suggest that anti-PD-1 has a minimal ability to
induce tumor-specific cytotoxicity, but it can enhance the strong
specific response that is induced by IFN-o.

DISCUSSION

Gene therapy using tumor cells that are genetically modified to
produce cytokines has been studied in several therapeutic models.
We have previously reported that the combination of IFN-a. gene-
transduced tumor-based vaccination therapy and IL-4 or IL-12
gene therapy suppresses the outgrowth of established tu-
mors.'*'* Although the suppressive effects of established tumors
were observed in these cytokine combination therapy models, we

© 2012 Nature America, Inc.
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Figure 2.

(Control = iFN-a. + Anti-PD1)

(a) Therapeutic inoculations with the combination of interferon (IFN)-a-transduced MC38 tumor cells and the anti-programmed cell

death-1 (PD-1) antibody suppress the in vivo growth of established MC38 tumors. Animals were inoculated with MC38-wild type (WT) in the
flank on day 0. Established MC38 cells were treated three times with MC38-IFNa alone, anti-PD-1 antibody alone or the combination in the
contralateral flank every third day starting 7 days after WT tumor injection. (b) CD4* and CD8™ cells are responsible for antitumor effects
induced by combination of IFN-a and anti-PD-1. Mice were depleted of CD4™ T cells, CD8™" T celis or asialo-GM1™* cells using specific
antibodies 3 days before the WT tumor inoculation. MC38-IFN« and anti-PD-1 antibody combination therapy was performed every third day
starting 7 days after WT tumor injection. Six mice were studied in each group. The results are reported as mean .tumor area (mm? *s.e.

Significance at the 95% confidence limits is indicated. This experiment was performed twice with similar results.

Table 2. immunohistologic analysis of CD8" T-cell infiltration in the
established wild-type tumors treated with MC38-IFN-o and/or anti-PD-
1 antagonistic antibody

Number of positive cells

Treatment

CD4* cells  (D8%cells CDTic* cells  Gr-1* cells
Control 3.6+36 78xt6.1 33+19 46+90
Anti-PD-1 58.4+554 33.8+456 1.7£1.8 08%1.2
IFN-ar 11.8£64 15.0110.2 05+1.2 0.8+04
IFN-g+anti-PD-1  60.0+44.8 33.2%7.1 55+58 25+35

Abbreviations: IFN, interferon; PD-1, programmed cell death-1.
Immunoreactive cells were counted in five microscopic fields (400 x )
without knowledge of the experimental group. Results are reported as
mean number of positive cells +s.d.

did not see reductions in the size of all of the parental tumors.
Therefore, further improvements in the treatment are needed
before clinical application. In addition, we focused on PD-1, which
has been identified as a marker of exhausted T cells."*™ As a

© 2012 Nature America, Inc.

blockade of PD-1 signaling has been shown to improve clinical
outcome and restore functional T-cell responses in cancers>*7>4
we hypothesized that the PD-1 blockade had potential to enhance
the Th1 responses elicited by the IFN-o gene-transduced tumor-
based vaccination therapy. In this study, we investigated the
antitumor effects and mechanisms of the combination of the
IFN-o-transduced tumor cell vaccine therapy and PD-1 blockade.

First, we examined the in vitro effects of the IFN-o~transduced
tumor cells and the anti-PD-1 antibody in a culture medium of
splenocytes. Both IFN-oc and the blockade of PD-1 obviously
increased IFN-y production and suppressed IL-10 production, and
additive effects were observed with the combination of IFN-« and
anti-PD-1. These results suggest that IFN-w and anti-PD-1
promoted Thl-type antitumor immune responses, and the
responses were enhanced in cooperation with each other. From
these results of the in vitro additive antitumor effects, we tried to
treat tumor-bearing mice with the [FN-o and anti-PD-1 antibody,
and a significant suppression of the outgrowth of the established
tumors was observed only in the combination treatment
group. The IFN-o0 or anti-PD-1 single therapy groups showed
a weak, but not significant suppression of the established
tumors compared with the control group. Leukocyte depletion
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Figure 3. CD4™" and CD87 cells markedly infiltrated into the es-
tablished wild-type (WT) tumors of mice inoculated with the com-
bination of MC38-interferon (IFN)-o cells and anti-programmed cell
death-1 (PD-1) antibody. B6 mice were injected subcutaneously
three times with MC38-IFNa cells and anti-PD-1-antibody either
alone or in combination into the contralateral flank of the estab-
lished WT tumor. Tumor tissues were harvested 4 days after ther-
apeutic inoculation and stained with anti-CD4 and anti-CD8
antibodies. Immunoreactive cells were observed using light micro-
scopy (400 x ).

experiments demonstrated that both CD4™ T cells and CD8" T
cells were essential to the tumor suppression induced by
combination therapy. In contrast, the depletion of NK cell did
not affect to the therapeutic effect in this model.

Immunohistologic analyses of the established tumors in the
mice that were treated with anti-PD-1 showed marked infiltration
of both CD4™* cells and CD8* cells compared with controls and
the group treated with MC38-IFNa alone. These data support the
results of a previous study that showed that blockade of PD-1
signaling pathways reversed T-cell exhaustion and restored
antitumor immunity* Interestingly, the proliferation rate of
splenocytes did not differ significantly between the control group
and the anti-PD-1 treatment groups in the in vitro culture setting
{data not shown). The conditions and microenvironment of the
local tumor sites seemed to lead to this discrepancy between the
in vitro and in vivo results because immunohistochemical staining
confirmed that established MC38-WT tumors expressed abundant
PD-L1 molecules (data not shown). However, we demonstrated
that blockade of PD-1 reduced the level of apoptosis in
fymphocytes on in vitro setting. These observations suggest that
the PD-1 blockade prevented the apoptosis of lymphocytes and
maintained the survival and infiltration of tumor-specific T cells in
the local tumor environment, which strongly expressed PD-L1
molecules.

Although the PD-1 blockade recruited lymphocytes to the
tumor sites, the therapeutic effects were not remarkable for the
treatment with anti-PD-1 alone. In order to assess this result, we
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Figure 4. The combination treatment with interferon (IFN)-o and
anti- programmed cell death-1 (PD-1) antibody induces potent tu-
mor-specific cytolysis. (a) Mice were initially inoculated with MC38-
IFNa cells and/or anti-PD-1 antibody on days 0, 7 and 14. Subse-
quently, MC38-immune mice received challenges of MC38-wild-type
(WT) cells on day 28. Splenocytes were harvested from these mice
on day 42 and then stimulated in vitro with MC38-IFN« cells and
syngeneic dendritic cells twice weekly. The cytolytic assay against
MC38, MCA205 or yeast artificial chromosome-1 (YAC-1) cells
was performed 7 days after the last stimulation. Results are
reported as mean percent cytotoxicity + s.d. This experiment was
performed twice with similar results. (b) The cytolytic assay against
MC38 was performed on an effector to target ratio of 20. ET, effector
to target.

tried to induce tumor-specific CTLs from the splenocytes of IFN-o.
or anti-PD-1-treated mice and then perform cytolytic assays. A
high specificity for MC38 was observed when treatment was
performed with IFN-o, whereas only nonspecific cytolysis was
detected with the anti-PD-1 treatment. Furthermore, specific
cytolysis against MC38 was observed more potently with the
combined IFN-o and anti-PD-1 treatment group compared with
the IFN-a single treatment group. These observations suggest that
IFN-o. elicited tumor-specific CTLs, whereas the blockade of PD-1
mainly maintained the specific response induced by IFN-q,
preventing CTLs from apoptosis. Thus, the combined therapy is
considered to be reasonable because both IFN-a and the blockade
of PD-1 revealed antitumor effects by different mechanisms. Also
recent study show similar results and support our study that
blockade of PD-1 can enhance the immune response stimulated
by cytokine therapy in murine colon cancer model.>’

The clinical use of this kind of tumor-based gene therapy may
be limited because of the need to transduce genes in patients’
tumor cells. IFN-o. gene-transduced cells were used in this study,
although the establishment of transduced cells, which produce a

© 2012 Nature America, Inc.
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high amount of IFN-o, would be difficult in the clinical setting.
Administering recombinant IFN-o repetitively seems to be simple,
but there was no therapeutic effect observed in our past study
(data not published). In order to facilitate this, the method of
cytokine gene delivery will need to be modified. In addition, it is
not established whether anti-PD-1 therapy is effective against the
turnors, which are negative for the expression of PD-L1. In order to
resolve these problems, we are now planning to use other tumor
cell lines and reevaluate the antitumor effects of the PD-1
blockade on the established tumors.

In conclusion, our findings suggest that the combination of
IFN-o. immunotherapy and PD-1 blockade therapy has potential
for inducing potent immune responses and that this might
be considered as a possible candidate for clinical trials of cancer
vaccines, although further investigations are required.
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the outgrowth of tumors by activating tumor-specific
Thi-type immune respomnses
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Abstract. Because IL-4 and CpG oligodeoxynucleotides

. (CpG-ODNgs) are immune stimulants, we evaluated the anti-.

tumor effects of IL-4 gene therapy and CpG-ODN treatment
in a poorly immunogenic murine cancer model. We used
a murine colorectal cancer MC38 cell line overexpressing
the IL-4 gene (MC38-IL4). Incubation with MC38-IL4 and
CpG-ODN enhanced bone marrow-derived dendritic cell
(DC) maturation in vitro. In addition, interferon (IFN)-y
production was significantly increased in naive splenocytes
after they were coincubated with MC38-IL4 and CpG-ODN.
When mice bearing MC38 wild-type tumors were inoculated
subcutaneously with MC38-IL4 cells and CpG-ODN, the
outgrowth of established parental tumors was significantly
suppressed compared to those in the MC38-IL4-treated group
(IL-4 vs. IL-4 + CpG-ODN, P=0.015). A marked infiltration
of CD8* cells in the established parental tumors of mice
treated with MC38-IL4 and CpG-ODN was confirmed by
immunohistochemical analyses (MC38-114,2.8+1.9 cells/field
vs. MC38-1L4 + CpG-ODN, 20.7+15.3 cells/field, P=0.027).
Significant tumor-specific cytolysis was detected when spleno-
cytes of MC38-IL4 + CpG-ODN-treated mice were stimulated
by y-irradiated MC38-IL4 cells and CpG-ODN twice weekly
in vitro and used as effector cells in a chromium-release assay
(32.2+3.5% for MC38 cells vs. 3.2+1.1% for YAC-1 cells; at an
effector to target ratio of 40). These results suggest that IL-4
and CpG-ODN treatment promotes potent Thl-type antitumor
immune responses. Therefore, the combination of IL-4 gene
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therapy and CpG-ODN treatment for cancer should be evalu-
ated in clinical trials.

Introduction

Several original treatments of cancer have been developed in
the last decade. Many anticancer drugs, including molecule-
targeted drugs, have been applied clinically. Although some
of these drugs have dramatically changed the prognoses
of a number of diseases, several harmful side effects were
observed. Because cancer immunotherapy is thought to
induce few adverse events compared to other therapies, such
as chemotherapy and radiation, the establishment of novel
treatments that elicit potent immune responses against cancer
has been anticipated. Indeed, many clinical trials of such
treatments have been conducted. However, most of them have
shown only minimal effects, and immunotherapy has not yet
been applied as a conventional clinical treatment for cancer.
Moreover, patients with advanced cancer exhibit impaired
immune responses. Therefore, new strategies are needed to
induce more potent antitumor immunities.

We have previously reported the antitumor effects and
mechanisms of cell-based immuunotherapies that were
combined with treatments with cytokines, such as interferon
(IFN)-a (1-3), IL-4 (4) and IL-12 (1). The administration of
each cytokine gene-transduced tumor cells appears to induce
potent cellular immune responses. However, the antitumor
immune response mechanisms that were induced by these
cytokine therapies differ from each other. In particular, we
reported that IL-4 treatment resulted in unique and interesting
biological effects.

IL-4, which is a type-2 response inducer (5,6), plays
a major role in both B-cell and T-cell development in the
immune system (7). In addition, it causes a class switch of
B cells, upregulates MHC class II and adhesion molecules,
and prevents the apoptosis of T cells (8). With respect to the
antitumor effects, I1-4 has a direct inhibitory effect on tumor
cell growth in vive and in virro (9,10) and an antiangiogenic
effect (11). It has been reported that IL-4 activates endothelia
in the tumor microenvironment, which results in an increased
infiltration of immune cells (12). Other reports have suggested
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that eosinophils and neutrophils are responsible for the anti-
tumor effects induced by IL-4 (13-15). In addition, a recent
study demonstrated that local IL-4 delivery at the site of
vaccination activates local dendritic cells (DCs), which play a
critical role in the initiation, promotion, and regulation of host
immune responses and promote type-1 T-helper (Thl) cell
responses (16). In that investigation, I1.-4 appeared to support
DC maturation and enhance IL-12p70 secretion from DCs.
" Because these findings support the therapeutic effects of IL-4
on tumors, IL.-4 has been applied in the clinical treatment of
tumors (17,18).

The potent immunomodulator CpG is present at the
expected frequency of about 1 in 16 bases in bacterial DNA,
but it is hardly observed in vertebrate DNA. It has been
reported that DNA vaccines and synthetic oligodeoxynucleo-
tides (ODN) containing an unmethylated CpG motif promote
Thi-type immune responses. CpG stimulates DCs through the
toll-like receptor 9 and enhances DC maturation, which may
improve therapeutic effects on established tumors. Recently,
we reported the synergistic effects of the combination of
CpG-ODN and IFN-0 on DC maturation (19). Furthermore,
DC-based therapy with CpG-ODN and IFN-a exhibited
potent antitumor effects by inducing tumor-specific cytotoxic
T-lymphocyte (CTL) responses (3).

Although we have previously demonstrated that IL-4
promotes a Thi-type antitumor immune response, evidence of
the induction of a more potent immune response that dimin-
ishes established tumors in vivo is required before justification
of a clinical trial. In the present study, we anticipated that the
combination of IL-4 gene therapy and CpG-ODN would have
additive effects on tumors. Thus, we investigated the anti-
tumor effects of the combination therapy and the underlying
mechanisms of these effects in order to determine whether the
combined therapy would be appropriated in a clinical trial.

Materials and methods

Mice. Female C57BL/6 (B6) mice that were 6-8 weeks old
were purchased from Sankyo Lab Service (Tokyo, Japan) for
use in experiments when they were 8-12 weeks old. Mice were
maintained in an animal care facility at Showa University.
This study was approved by the Ethics Committee for Animal
Experiments of Showa University (permission #2011-1111).

Cell lines, culture medium and reagents. The MC38 murine
colorectal adenocarcinoma cell line (B6 mouse origin) and the
YAC-1 lymphoma cell line were maintained in RPMI-1640
medium that was supplemented with 10% heat-inactivated
fetal calf serum, 2 mM L-glutamine, 100 IU/ml penicillin,
and 100 pg/ml streptomycin (complete medium; CM) in a
humidified incubator with 5% CO, in air at 37°C. All cell
culture reagents were purchased from Life Technologies Corp.
(Gaithersburg, MD). CpG-ODN-1826 and non-CpG-ODN-1911
(used as control ODN) were synthesized by Sigma-Aldrich
Japan (Tokyo, Japan). We confirmed that non-CpG-ODN-1911
did not affect DC maturation or have antitumor activity (19).

Genetically modified tumor cell lines. The MC38 tumor cells
that were transduced using retroviral vectors according to
standard protocols, as previously described (20), were selected

for antibiotic resistance in CM containing 0.5 mg/ml G418
(Sigma-Aldrich Corp., St. Louis, MO). We have established
a IL-4-overexpressing MC38 cell line (MC38-IL4), which
produces a large amount of IL-4 (359.9£108.2 ng/10° cells/48 h)

(4). A neomycin-resistant gene-transduced MC38 (MC38-Neo)

cell line was used as a control (21). The growth rate of the
MC38-IL4 cells did not differ from those of MC38-wild-type
(WT) or MC38-Neo cells in vitro.

Phenotypic changes of DCs after coincubation with IL-4-
overexpressing tumor cells and CpG-ODN. In order to observe
the immunogenic effects of IL-4 and CpG-ODN on DC matu-
ration, flow cytometry was performed using FACSCalibur
(Nippon Becton-Dickinson Co., Ltd., Tokyo, Japan). Bone
marrow-derived DCs were generated, as previously reported
(2). We incubated the DCs (5x10%-6x108 cells/flask) with
either MC38-IL.4 or MC38-Neo cells (1x10° cells) that were
100 Gy-irradiated in combination with 6 pg/ml of either
CpG-ODN-1826 or non-CpG-ODN-1911 in vitro. After a 24-h
incubation, cells were harvested and stained with fluorescein
isothiocyanate (FITC)-conjugated monoclonal antibodies.
The monoclonal antibodies used in this assay were FITC-
conjugated anti-H-2Kb, I-Ab, CD80, and CD86 antibodies
(obtained from Nippon Becton-Dickinson). The results were
shown as ratios of the mean fluorescent intensity (MFI) of the
DCs that were incubated with each monoclonal antibody to
the MFI of DCs incubated with the FITC-conjugated control
IgG antibody.

IFN-y and IL-10 production in naive splenocytes coinoculated
with IL-4-overexpressing tumor cells and CpG-ODN in vitro.
In order to assess the effects of IL-4 and CpG-ODN on immune
balance, we performed an enzyme-linked immunosorbent
assay (ELISA) of the representative Thl-type cytokine, IFN-y
and the representative Th2-type cytokine, IL-10. Splenocytes
(1x10° cells/ml) from naive mice were stimulated with either
MC38-IL4 or MC38-Neo cells (1x10° cells/m]) either alone or
in combination with 6 xg/ml of CpG-ODN-1826 or non-CpG-
ODN-1911 in vitro. After a 24-h incubation, we measured
the concentrations of IFN-y and IL-10 in the supernatant of
each culture with ELISA using a comimercially available kit,

- according to the manufacturer's instructions (mouse IFN-y

ELISA and mouse IL-10 ELISA, Thermo Fisher Scientific,
Inc., Rockford, IL). This experiment was repeated twice.

Combination therapy of IL-4-overexpressing tumors with
CpG-ODN in therapeutic models. In order to evaluate
the in vivo therapeutic effects of the combination of 1L-4-
overexpressing tumor cells and CpG-ODN on established
tumors, we measured the size of established MC38-WT
tumors in mice before and after treatment, as previously
described (21). In brief, B6 mice were first injected s.c. with
3x10° MC38-WT cells in the right flank. Seven, 9, and 11 days
after the WT inoculation, 3x10° MC38-Neo or MC38-1L4 cells
were inoculated s.c. with 30 ug/mouse of either CpG-ODN-
1826 or non-CpG-ODN-1911 around the established parental
tumors, which had reached 4-20 mm? in size. Otherwise,
tumor-bearing B6 mice (5x10° MC38-WT cells/mouse) were
inoculated 5x10° MC38-Neo or MC38-114 cells were inocu-
lated s.c. with either CpG-ODN-1826 or ODN-1911 in the same
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