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institutions within a single country. The good outcomes
for HCC seen in Japan®’ compared with those in Europe®
and the USA* are the result of the meticulous medical
care for HCC that has been practiced in Japan.
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The immunodeficient mice transplanted with human hepatocytes are available for the study of the
human hepatitis viruses. Recently, human hepatocytes were also successfully transplanted in herpes sim-
plex virus type-1 thymidine kinase (TK)-NOG mice. In this study, we attempted to infect hepatitis virus in
humanized TK-NOG mice and urokinase-type plasminogen activator-severe combined immunodefi-
ciency (uPA-SCID) mice. TK-NOG mice were injected intraperitoneally with 6 mg/kg of ganciclovir
(GCV), and transplanted with human hepatocytes. Humanized TK-NOG mice and uPA/SCID mice were
injected with hepatitis B virus (HBV)- or hepatitis C virus (HCV)-positive human serum samples. Human
hepatocyte repopulation index (RI) estimated from human serum albumin levels in TK-NOG mice corre-
lated well with pre-transplantation serum ALT levels induced by ganciclovir treatment. All humanized
TK-NOG and uPA-SCID mice injected with HBV infected serum developed viremia irrespective of lower
replacement index. In contrast, establishment of HCV viremia was significantly more frequent in
TK-NOG mice with low human hepatocyte RI (<70%) than uPA-SCID mice with similar RI. Frequency of
mice spontaneously in early stage of viral infection experiment (8 weeks after injection) was similar in
both TK-NOG mice and uPA-SCID mice. Effects of drug treatment with entecavir or interferon were
similar in both mouse models. TK-NOG mice thus useful for study of hepatitis virus virology and evalu-
ation of anti-viral drugs.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

of chronic liver infection and potentially death due to liver failure
and hepatocellular carcinoma {3}. Although the chimpanzee is a

Hepatitis B virus (HBV) and hepatitis C virus (HCV) infections
are serious health problems worldwide. More than 350 and 170
million people are infected with HBV and HCV, respectively
11,2]. Both types of hepatitis viruses result in the development

Abbreviations: ALT, alanine aminotransferase; GCV, ganciclovir; HBV, hepatitis B
virus; HCV, hepatitis C virus; HSA, human serum albumin; HSVtk, herpes simplex
virus type-1 thymidine kinase; IFN, interferon; PeglFN-alpha, pegylated interferon-
alpha; RI, repopulation index; RT-PCR, reverse transcript-polymerase chain reac-
tion; SCID, severe combined immunodeficiency; uPA, urokinase-type plasminogen
activator.
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useful animal model for the study of HBV and HCV infection,
there are ethical restrictions and hampered by the high financial
cost on the use of this animal. The immunodeficient mice with a
urokinase-type plasminogen activator (uPA) transgene {4,5] or a
targeted disruption of the murine fumaryl acetoacetate hydrolase
(FAH) {5-10} were shown to be excellent recipients for human
hepatocyte. These small animal models are available for hepatitis
viruses infection {4,11], and are useful for the study of HBV and
HCV biology [12-14]. However, there are disadvantages that limit
the utility of this model for many applications, including exces-
sive mortality {9].

Recently, human hepatocytes were successfully transplanted
into severely immunodeficient NOG mice with the herpes simplex
virus type-1 thymidine kinase (HSVtk) expressing in mouse
hepatocytes (TK-NOG) |[15]. Mouse liver cells expressing HSVtk
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were ablated after a brief exposure to ganciclovir (GCV), and trans-
planted human hepatocytes were stably maintained within the
mouse liver without exogenous drug administration { 15]. The anal-
yses of drug interactions and pharmacokinetics have previously
been reported using TK-NOG mice transplanted with human hepa-
tocytes {15~18]. In the present study, we succeeded in infecting
human hepatocyte-transplanted TK-NOG mice with HBV and
HCV and showed that this mouse model is as useful as the uPA/
SCID model for the study of hepatitis viruses.

2. Materials and methods
2.1. Animal treatment

TK-NOG mice were purchased from Central Institute for Exper-
imental Animals (CIEA, Kawasaki, Japan). Eight-weeks-old mice
were injected intraperitoneally with 6 mg/kg of GCV twice a day.
After two days, mice were re-injected with the same amount of
GCV. Seven days after 1st GCV injection, mice were transplanted
with 1 or 2 x 10° of human hepatocytes obtained from human
hepatocyte transplanted uPA-SCID chimeric mice by collagenase
perfusion method by intra-splenic injection. Transplanted human
hepatocytes used in this study were obtained from a same donor.
One week after the first GCV treatment, serum alanine aminotrans-
ferase (ALT) levels were measured (Fuji DRI-CHEM, Fuji Film,
Tokyo, Japan). Infection, extraction of serum samples, and sacrifice
were performed under ether anesthesia. Mouse serum concentra-
tion of human serum albumin (HSA), which correlated with the
human hepatocyte repopulation index (RI) [15], was measured as
previously described [5]. Generation of the uPA/SCID mice and
transplantation of human hepatocytes were performed as
described previously {5,12,19]. The experimental protocol was
approved by the Ethics Review Committee for Animal Experimen-
tation of the Graduate School of Biomedical Sciences, Hiroshima
University.

2.2. Human serum samples

Human serum samples containing high titers of either genotype
CHBV (5.3 x 108 copies/mL) or genotype 1b HCV (2.2 x 10° copies/
mL) were obtained from patients with chronic hepatitis who pro-
vided written informed consent. The individual serum samples
were divided into small aliquots and stored separately in liquid
nitrogen until use. Mice were injected intravenously with 50 uL
of either HBV- or HCV-positive human serum. The study protocol
conforms to the ethical guidelines of the 1975 Declaration of
Helsinki and was approved a priori by the institutional review
committee.

2.3. Quantitation of HBV and HCV

DNA and RNA extraction and quantitation of HBV and HCV by
real-time polymerase chain reaction (RT-PCR) were performed as
described previously {12,13,19]. Briefly, DNA was extracted using
SMITEST (Genome Science Laboratories, Tokyo, Japan) and dis-
solved in 20 pL H,0, and RNA was extracted from serum samples
using SepaGene RVR (Sankojunyaku, Tokyo, Japan) and reverse
transcribed with a random hexamer and a reverse transcriptase
(ReverTraAce; TOYOBO, Osaka, Japan) according to the instruc-
tions provided by the manufacturer. Quantitation of HBV DNA
and HCV RNA was performed using Light Cycler (Roche Diagnos-
tic, Japan, Tokyo). The lower detection limits of real-time PCR
for HBV DNA and HCV RNA are 4.4 and 3.5 log copies/mL,
respectively.

2.4. Histochemical analysis of mouse liver

Liver specimens of HBV-infected TK-NOG mice were fixed with
10% buffered-paraformaldehyde and embedded in paraffin blocks
for histological examination. Hematoxylin-eosin and immunohis-
tochemical staining using antibodies against HSA (Bethyl Laborato-
ries Inc., Montgomery, TX) and hepatitis B core antigen (HBc-Ag)
(DAKO Diagnostika, Hamburg, Germany) were performed as de-
scribed previously {121

2.5. Treatment with antiviral agents

Mice were treated with antiviral agents eight weeks after HBV
or HCV infection, by which time stable viremia had developed.
HBV-infected mice were administered either food containing
0.3 mg of entecavir/kg of body weight/day or daily intramuscular
injections with 7000 IU/kg of IFN-alpha (Otsuka Pharmaceutical
Co., Ltd., Tokyo, Japan). HCV-infected mice were administered
intramuscular injection with either 1000 IU/kg of IFN-alpha daily
or 10 pg/kg of PeglFN-alpha-2a (Chugai Pharmaceutical Co., Ltd.,
Tokyo, Japan) twice a week for three weeks.

2.6. Statistical analysis

Differences in HSA levels between TK-NOG mice and uPA-SCID
mice, and incidence of infection between highly and poorly repop-
ulated mice were examined for statistical significance using the
Mann-Whitney U-test.

3. Results

3.1. Correlation between serum ALT level after GCV administration and
the human hepatocyte index in TK-NOG mice

We analyzed the correlation between serum ALT levels after
GCV injection and the human hepatocyte RI using 194 TK-NOG
mice. Seven days after GCV injection when serum ALT levels had
reached maximum levels [15], mice were transplanted with hu-
man hepatocytes. After transplantation of human hepatocytes, ser-
um concentrations of HSA increased and reached plateau at 6-
8 weeks. Serum ALT levels one week after GCV administration
and HSA levels 8 weeks after hepatocyte transplantation showed
a positive correlation, indicating that the higher serum ALT level,
the higher the RI (Fig. 1A). HSA levels 8 weeks after human hepato-
cyte transplantation in TK-NOG mice were lower than in uPA-SCID
mice (Fig 1B), which indicates that mice livers were more effi-
ciently replaced with human hepatocytes in uPA-SCID mice than
in TK-NOG mice.

3.2. Infection with hepatitis viruses in humanized TK-NOG mice and
uPA-SCID mice

Eight weeks after human hepatocyte transplantation, TK-NOG
mice and uPA-SCID mice with HSA levels over 1.0 mg/mL were
inoculated with either HBV- or HCV-positive human serum sam-
ples. Eight weeks after injection, the frequency of the development
of viremia was compared between the mice with lower (<70%) and
higher (>70%) human hepatocyte RI. 70% of RI corresponds to 5.4
and 6.3 mg/dl of serum HAS in TK-NOG mice and uPA-SCID mice,
respectively {5,15]. All humanized TK-NOG and uPA-SCID mice
inoculated with HBV developed viremia 8 weeks after injection,
irrespective of the RI (Fig. 2A). Incidence of HCV viremia was also
high in TK-NOG mice regardless of the RI. In contrast, the
frequency of HCV viremia was much lower in uPA-SCID mice with
the RI. Only 20% (1 of 5) of uPA-SCID mice with low RI became
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Fig. 1. Human hepatocyte repopulation index in humanized mice. Serum alaninaminotransferase (ALT) levels in TK-NOG mice were measured one week after ganciclovir
treatment. Human serum albumin (HSA) levels were measured eight weeks after transplantation of human hepatocytes. (A) Correlation between serum ALT level after
ganciclovir administration and human hepatocyte repopulation index in TK-NOG mice. Points represent single mouse measurements. r (Spearman rank) and P value are
shown. (B) HSA levels in TK-NOG mice and uPA-SCID mice. In these box-and-whisker plots, lines within the boxes represent median values; the upper and lower lines of the
boxes represent the 25th and 75th percentiles, respectively; and the upper and lower bars outside the boxes represent the 90th and 10th percentiles, respectively.

positive for HCV, whereas 94.3% (50 of 53) of mice with high Rl be-
came positive (p=1.07 x 1075). Serum viral titers gradually in-
creased in mice that developed viremia. Eight weeks after
infection, HBV DNA and HCV RNA titers increased to approximately
8 and 6 log copies/mL, respectively in both TK-NOG and uPA-SCID
mice (Fig. 2B). Viremia levels were slightly higher in uPA-SCID
mice than TK-NOG mice, probably due to higher human hepatocyte
RI (HSA levels) in uPA-SCID mice. In HBV-infected TK-NOG mice,
histological analysis showed that hepatocytes positive for HSA
were also positive for HB core antigen (Fig. 2C), which is in line
with our previous findings using uPA-SCID mice {12].

3.3. The effect of antiviral agents on hepatitis virus-infected
humanized mice

We analyzed the effect of antiviral agents on HBV- and HCV-in-
fected humanized mice. Eight weeks after HBV-infection, 2 human-
ized TK-NOG mice were orally administrated 0.3 mg/kg day of
entecavir, and 2 other mice received intramuscular injections with
7000 IU/g of IFN-alpha daily for 3 weeks. Both treatments resulted
in a rapid reduction of mouse serum HBV DNA titers (Fig. 3A). Two
HCV-infected humanized TK-NOG mice were administrated IFN-al-
pha daily, and 2 other mice received PeglFN-alpha-2a injections
twice a week for 3 weeks. Both treatments resulted in a reduction
of HCV RNA titers in mouse serum. The effects of these antiviral
agents on HBV and HCV in TK-NOG mice were similar to those in
uPA-SCID mice (Fig. 3B).

3.4. Incidence of unexpected death

The incidence of unexpected death is high in human hepatocyte
chimeric uPA-SCID mice [28]. Incidence of unexpected death in the
early stages of viral infection (within 8 weeks of viral infection)
was similar between TK-NOG mice and uPA-SCID mice (6.3% vs
10.6%, p = 0.465) (Fig. 4).

4. Discussion

Human hepatocyte chimeric mice are valuable tool for hepati-
tis virology and drug assessment [12-14}]. To establish human
hepatocyte chimerism, two conditions are necessary: immunode-
ficiency and mouse-specific liver cell damage. For immune

deficiency, SCID mice [4,5,12~14,20}, NOG mice [8,21] and RAG-
2 deficient mice {6,9,10] have been reported. We previously
reported that the level of immunodeficiency in SCID mice, which
are the most weakly immunodeficient of the three types, is suffi-
cient to prevent rejection of transplanted human hepatocytes |51,
However, preventive treatments for human liver cell rejection via
mice NK cells, such as an anti-asialo GM1 antibody, are necessary
in SCID mice {5].

To evoke mouse liver cell injury, uPA and FAH transgene tech-
niques were used [4-10]. Recently, successful human liver cell
transplantation to TK-NOG mice in the absence of ongoing drug
treatment after a brief exposure to a non-toxic dose of GCV has
been reported |15]. We thus attempted to use TK-NOG mice to
establish high levels of replacement with human hepatocytes and
tried to infect hepatitis viruses.

In this study, we transplanted human hepatocytes to 194 TK-
NOG mice and analyzed whether elevated serum ALT levels, which
results from liver damage caused by GCV exposure, reflects HSA
levels, as it is known that HSA levels are correlated with the human
hepatocyte RI and can serve as a surrogate measure | 15]. We found
a positive correlation between ALT and HSA levels (Fig. 1A), indi-
cating that higher levels of liver damage are associated with estab-
lishment of higher levels of repopulation of the liver with human
hepatocytes. As the human hepatocyte RI obtained in this study
using TK-NOG mice is lower than in uPA-SCID mice (Fig 1B), dose
escalation of GCV or alternative treatment timing might result in
more highly repopulated mice.

We infected humanized TK-NOG mice with hepatitis viruses
and compared infection rates and serum viral titers with human-
ized uPA-SCID mice. HBV inoculation resulted in development of
viremia without regard for the human hepatocyte replacement in-
dex in both TK-NOG mice and uPA-SCID mice (Fig. 2A). Incidence
of HCV viremia was also high in TK-NOG mice regardless of HSA
levels, whereas HCV viremia was infrequent in uPA-SCID mice
with low HSA levels. These results are consistent with those of
Vanwolleghem et al. | 20] who showed, using a large number of hu-
man hepatocyte chimeric uPA-SCID mice, that an HSA level well
above 1 mg/mL is important for successful HCV infection. The rea-
son for the higher infection rate in TK-NOG mice with low human
hepatocyte RI in this study is unknown. Although the level of
immunodeficiency is higher in TK-NOG mice, it is difficult to con-
clude that this difference in immunodeficiency alone is responsible
for the enhanced HCV infection rate. Although some studies have
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Fig. 2. Hepatitis viruses infection in chimeric mice. (A) Eight weeks after human hepatocyte transplantation, mice with serum HSA level over 1 mg/mL were inoculated with
HBV- or HCV-positive human serum samples. Percentages of mice that became positive for HBV DNA (left panel) or HCV RNA (right panel) 8 weeks after inoculation according
to human hepatocyte repopulation index (RI) in TK-NOG mice and uPA-SCID mice are shown. 70% of RI corresponds to 5.4 and 6.3 mg/dl of serum HAS in TK-NOG mice and
uPA-SCID mice, respectively. (B) Changes in serum titers of HBV DNA (left panel) and HCV RNA (right panel) (upper panels) and HSA levels (lower panels) of TK-NOG mice and
uPA-SCID mice. The horizontal dashed lines represent the lower detection limit of HBV DNA and HCV RNA (4.4 and 3.5 log copies/mlL, respectively). (C) Histochemical
analysis of liver samples obtained from HBV-infected TK-NOG mice. Hematoxylin-eosin staining (HE) and immunohistochemical staining using monoclonal antibodies
against HSA and HB core antigen are shown. Regions are shown as human (H) and mouse (M) hepatocytes, respectively (Original magnification 100x).

reported structural differences between wild type and chimeric Human hepatocyte transplanted uPA-SCID mice are useful for
mice [22,23], the influence of such structural differences on HCV evaluating antiviral agents [12-14]. In this study, we analyzed
infectivity remains to be determined. the efficacy of antiviral agents such as entecavir, IFN-alpha and
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Fig. 4. Frequency of unexpected death within 8 weeks in mice. The numbers of
sudden deaths occurring within 8 weeks of viral infection in TK-NOG mice and
uPA-SCID mice are shown as bars.

PeglFN-alpha using HBV- and HCV-infected TK-NOG mice and
compared them with uPA-SCID mice (Fig. 3). The results showed
that both mouse models are equally useful for evaluation of anti-
viral drugs.

Human hepatocyte chimeric uPA-SCID mice are weak and
prone to unexpected death {20}, and this limitation appears to

apply to TK-NOG mice as well. Incidence of unexpected death in
the early stages of viral infection was not significantly different be-
tween TK-NOG mice and uPA-SCID mice (Fig. 4). The cause of these
unexpected deaths is unknown. Further study is necessary to de-
velop a more robust and easy to manipulate animal model.

In summary, we established a hepatitis virus infection mouse
model using the human hepatocyte transplanted TK-NOG mouse.
This model is useful for the study of hepatitis virology and evalua-
tion of antiviral agents.
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Abstract Radiofrequency ablation therapy (RFA) is a
radical treatment for liver cancers and induces tumor anti-
gen-specific immune responses. In the present study, we
examined the antitumor effects of focal OK-432-stimulated
dendritic cell (DC) transfer combined with RFA and ana-
lyzed the functional mechanisms involved using a murine
model. C57BL/6 mice were injected subcutaneously with
colon cancer cells (MC38) in their bilateral flanks. After the
establishment of tumors, the subcutaneous tumor on one
flank was treated using RFA, and then OK-432-stimulated
DCs were injected locally. The antitumor effect of the treat-
ment was evaluated by measuring the size of the tumor on
the opposite flank, and the immunological responses were
assessed using tumor-infiltrating lymphocytes, splenocytes
and draining lymph nodes. Tumor growth was strongly
inhibited in mice that exhibited efficient DC migration after
RFA and OK-432-stimulated DC transfer, as compared to
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mice treated with RFA alone or treatment involving imma-
ture DC transfer. We also demonstrated that the antitumor
effect of this treatment depended on both CDS8-positive
and CD4-positive cells. On the basis of our findings, we
believe that combination therapy for metastatic liver cancer
consisting of OK-432-stimulated DCs in combination with
RFA can proceed to clinical trials, and it is anticipated to be
markedly superior to RFA single therapy.

Keywords Metastatic liver cancer - MC38 -
Immunotherapy - Intratumoral injection - Tumor-infiltrating
lymphocyte

Abbreviations
RFA Radiofrequency ablation
DC Dendritic cell

HCC Hepatocellular carcinoma

TAE Transcatheter hepatic arterial embolization
TLR Toll-like receptor

GFP Green fluorescent protein

ELISPOT Enzyme-linked immunospot

Treg Regulatory T cell

MDSC Myeloid-derived suppressor cell

IFN-y Interferon-y

Introduction

Liver is one of the most common organs to which vari-
ous cancers spread from their site of origin. In some types
of cancer, the liver metastasis lesion is a target of surgi-
cal treatment. For instance, surgical resection of hepatic
metastasis achieves longer median survival in colorec-
tal and breast cancer patients [1, 2]. However, even if the
hepatic lesions are surgically treated, the prognosis of the
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patients is not satisfactory. As for colorectal cancers, the
recurrence rate is over 50 % after radical resection of meta-
static lesions [3]. Moreover, at the time of initial diagnosis,
only a few patients meet the criteria for hepatic resection
because of unresectability, low hepatic functional reserve
or poor performance status [4].

Radiofrequency ablation therapy (RFA) has been devel-
oped as a radical and minimally invasive treatment method
for metastatic liver cancers. Recently, RFA has been used
as an adjunct to hepatic resection or as an alternative
method to resection when surgical treatment is not feasible
[5]. Additionally, it has been revealed that RFA for meta-
static liver cancers generates tumor antigen-specific T-cell
responses in man [6, 7]. We have previously reported that
RFA could also control distant tumor growth in a murine
hepatocellular carcinoma (HCC) model [8].

Dendritic cells (DCs) are potent antigen-presenting cells
[9]. Recently, we have established new treatments using
local DC injection with transcatheter hepatic arterial embo-
lization (TAE) and have shown that this combination ther-
apy could induce tumor antigen-specific T-cell responses in
HCC patients [10].

OK-432 is derived from the Su strain of Group A
Streptococcus pyogenes by means of treatment with ben-
zylpenicillin and heat [11]. OK-432 can stimulate DCs via
Toll-like receptor (TLR) 3, TLR4 and P2 integrin and sub-
sequently induce antigen-specific cytotoxic lymphocytes
[12-14].

On the basis of these results, we hypothesized that OK-
432-stimulated DC transfer is a promising candidate for an
enhancer that can strongly increase the antitumor effect of
RFA. We have previously demonstrated in a clinical trial
that the local infusion of OK-432-stimulated DC after TAE
could prolong recurrence-free survival in HCC patients
[15]. However, it remains unknown as to how the trans-
ferred DCs work in combination with RFA. In the present
study, we examined the antitumor effects of OK-432-stim-
ulated DCs when combined with RFA and analyzed the
functional mechanisms involved using a murine subcutane-
ous colon cancer model.

Materials and methods
Animals

Wild-type 8-12-week-old female C57BL/6 J mice were
obtained from Charles River Japan (Yokohama, Japan).
Female C57BL/6-Tg (UBC-GFP) 30Scha/] mice were
purchased from the Jackson Laboratory (Bar Harbor, ME,
USA). All animal experiments were approved and per-
formed in accordance with the Guidelines for the Care and
Use of Laboratory Animals of Kanazawa University, which

@ Springer

strictly conforms to the Guide for the Care and Use of Lab-
oratory Animals published by the US National Institutes of
Health.

Cell lines and bone marrow-derived dendritic cells

A murine colorectal cancer cell line, MC38 and hybrido-
mas, clone GK1.5 and clone 2.43 were cultured in RPMI-
1640 containing 10 % fetal bovine serum (Life Technolo-
gies, Co., Carlsbad, CA, USA) supplemented with 100 g/
ml streptomycin and 100 units/ml penicillin (Wako Pure
Chemical Industries Ltd., Osaka, Japan). Bone marrow-
derived dendritic cells (BMDCs) were generated using
20 ng/ml of recombinant granulocyte macrophage colony-
stimulating factor (R&D Systems, Minneapolis, MN, USA)
as previously described [16]. OK-432 (Picibanil; Chugai
Pharmaceutical Co. Ltd., Tokyo, Japan) was loaded into the
supernatant from days 6-7 of the BMDC generation period
at a concentration of 5 pg/ml.

In vitro evaluation of phagocytic activity by dendritic cells

MC38 cells were labeled with DiD dye (Life Technolo-
gies) according to the manufacturer’s instructions followed
by heat treatment at 80 °C for 90 s. OK-432-stimulated or
immature DCs were co-incubated with the treated MC38
cells for 3 h at a ratio of 1:1. After incubation, the cell sus-
pensions were observed using a fluorescence microscope
(BZ9000: Keyence, Osaka, Japan) and analyzed by means
of FACSCalibur (BD Immuno-Cytometry System, San
Jose, CA, USA).

Animal model

Bilateral flanks of C57BL/6 mice were each injected sub-
cutaneously with 1 x 10® MC38 cells. Seven days after
injection, after they had grown to 5-6 mm in diameter, the
subcutaneous tumors on one flank were treated using RFA,
and 1 x 107 immature DCs or 1 x 107 OK-432-stimulated
DCs were injected into the treated tumors at 24 h after
RFA. After this, the volume of the untreated tumor on the
contralateral flank was evaluated over a period of 10 days.
Tumor volumes were calculated using the following for-
mula: tumor volume (mm?) = (longest diameter) x (short-
est diameter)?/2.

Radiofrequency ablation

Mice bearing tumors were anesthetized with an intraperi-
toneal injection of pentobarbital (Kyoritsu Seiyaku, Tokyo,
Japan), and the skin on the tumor was cut. Subsequently,
an expandable RFA needle was inserted into the tumor,
which was treated using a radiofrequency generator (RITA
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500PA; RITA Medical Systems, Inc., Fremont, CA, USA).
During the use of this system, the intratumor temperature
was maintained at 70-90 °C, and the current was turned off
when the tumor exhibited heat denaturation.

Flow cytometry

The DCs were detected by means of staining with anti-
CD11c antibodies (Life technologies). The lymphocytes
in the draining lymph node were stained with anti-CD4
antibodies, anti-CD8 antibodies, anti-CD11c antibodies
and anti-CDG9 antibodies (BD Bioscience, San Diego,
CA, USA). The splenocytes were stained with anti-CD4
antibodies, anti-CD8 antibodies, CDIllc antibodies,
anti-NK1.1 antibodies, CD45 antibodies (BD Biosci-
ence), anti-Gr-1 antibodies, and anti-CD11b antibodies
and mouse regulatory T-cell staining solution (BioLe-
gend, San Diego, CA, USA). The stained samples were
analyzed using FACSAria II (BD Immuno-Cytometry
System).

Immunohistochemical assay

The draining lymph nodes and the observed tumors were
embedded in Sakura Tissue-Tek optimum cutting tempera-
ture compound (Sakura Finetek Japan Co., Ltd., Tokyo,
Japan) for frozen sectioning. Tissue sections were fixed at
—20 °C in methanol for 10 min. The draining lymph nodes
were stained using rabbit anti-GFP antibody (Abcam, Cam-
bridge, UK) that were detected using an EnVision4+/HRP
kit (Dako, Glostrup, Denmark). The observed tumors were
stained with anti-CD4 and anti-CD8a (BD Bioscience),
which were detected using the Nichirei Histofine Simple
Stain Mouse Max PO (Rat) system (Nichirei Co., Tokyo,
Japan) or the Vectastain ABC kit (Vector Laboratory, Inc.,
Burlingame, CA, USA).

Interferon gamma enzyme-linked immunospot assay

The splenocytes, the tumor-infiltrating lymphocytes (TILs)
in the untreated tumors that were isolated by mechanical
homogenizations and density gradient centrifugations, and
the lymphocytes in the draining lymph nodes were loaded
into the interferon gamma enzyme-linked immunospot
assay to estimate the tumor-specific immune reactions, as
previously described [8, 17]. Briefly, 3 x 10° lymphocytes
or 1 x 10° TILs were incubated for 24 h with or without
6 x 10° MC38 lysates, which were prepared through five
cycles of rapid freezing in liquid nitrogen, thawing at 55 °C
and centrifugation. The number of MC38-specific IFN-y
spots was determined by subtracting the number of spots
incubated without MC38 lysates from the number of spots
incubated with MC38 lysates. For CD4 or CD8 depletion,

we used magnetic CD4 beads or CDS8 beads (Miltenyi Bio-
tec, Bergisch Gladbach, Germany).

In vivo CD4/CDS depletion

For in vivo CD4 or CDS depletion, B6 mice were injected
intraperitoneally with 200 pg of purified monoclonal anti-
bodies specific to CD4 or CDS at 1 day before and 3 days
after RFA treatment; the monoclonal antibodies were pre-
pared from GK1.5 hybridoma and 2.43 hybridoma, respec-
tively [18]. The depletion was confirmed by flow cytometry
using peripheral blood lymphocytes stained with anti-CD4
and anti-CD§ antibodies.

Statistical analysis

The data obtained were analyzed statistically using the t
test or one-way analysis of variance followed by Tukey’s
multiple-comparison test. A P value <0.05 was considered
as being statistically significant.

Results

Migration efficacy and phagocytic ability
of OK-432-stimulated DCs

We employed OK-432 as a modifying agent for DCs,
because we have previously shown in clinical studies that
OK-432 prolonged recurrence-free survival after combi-
nation therapy involving DC injection with TAE for HCC
patients [10, 15]. We first confirmed that the OK-432-stim-
ulated murine DCs showed higher expression of maturation
markers such as CD40, CD80, CD86, MHC class II and
CCR?7 (Supplementary Fig. 1), as previously reported [19,
20].

To evaluate their phagocytic abilities, we incubated the
immature DCs and the OK-432-stimulated DCs with MC38
tumor cells. Heat-treated MC38 cells were taken up well by
both immature DCs and OK-432-stimulated DCs, as com-
pared to nontreated MC38 cells (Fig. 1a—). In addition, the
phagocytic ability of OK-432-stimulated DCs was not infe-
rior to that of immature DCs. These results were consistent
with the dextran uptake assay (Supplementary Fig. 2) and
our previous data on human monocyte-derived DCs [15].
Since heat-treated MC38 cells were thought to be in a simi-
lar condition to those in the MC38 tumor in mice treated
with RFA, OK-432-stimulated DCs were expected to effec-
tively phagocytose RFA-treated MC38 tumor cells in vivo.

We next estimated the kinetics of the transferred DCs
in mice bearing subcutaneous MC38 tumors treated with
RFA. Immature DCs or OK-432-stimulated DCs that were
derived from GFP-Tg mice were injected intratumorally
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Fig. 1 Effects of OK-432 on murine bone marrow-derived DCs. a
OK-432-stimulated DCs or immature DCs were co-incubated for 3 h
with MC38 cells untreated or treated at 80 °C for 90 s after staining
with DiD dye. After incubation, DC and MC38 cells were observed
using a fluorescence microscope. Arrowheads indicate MC38 deriva-
tives being phagocytosed by DCs. No tx, untreated MC38 cells; heat
tx, heat-treated MC38 cells; bar, 20 pm. b, ¢ Co-incubated MC38
cells and DCs were stained with anti-CD11c antibodies and ana-
lyzed using flow cytometry. The histograms show the DiD fluorescent
intensity of the CD1lc-positive fractions. The percentages of DiD*
CDI11c* cells in the CD11c* cell population are also shown in a col-

at 24 h after RFA treatment, and the subcutaneous tumors
and the lymph nodes were harvested at 3 days after RFA.
According to the immunohistochemical study involving
the detection of GFP, the inguinal lymph node on the RFA-
treated flank was thought to be the draining lymph node
(Supplementary Fig. 3). Additionally, the number of trans-
ferred DCs in the draining lymph nodes was significantly
higher in the mice treated with the OK-432-stimulated DCs
than in those treated with the immature DCs (Fig. 1d, e).
Our experimental results attested to the fact that the OK-
432-stimulated DCs had both sufficient phagocytic ability
and higher migration efficacy.

Effect of RFA in combination with the injection
of OK-432-stimulated DCs on tumor growth

OK-432-stimulated DCs were used in combination therapy
with RFA in this murine model (Fig. 2a). Namely, BMDCs
stimulated with OK-432 were injected into RFA-treated
tumor at 24 h after RFA treatment. We compared four
groups of tumor-bearing mice as follows: (1) no treatment;
(2) RFA only; (3) RFA with the injection of immature
DCs; and (4) RFA with the injection of OK-432-stimulated
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umn graph. The experiments were performed five times, and repre-
sentative results are shown. Data are presented as the mean =+ SE.
#P < (0.05. d The migration abilities of the DCs after intratumoral
transfer were evaluated. The draining lymph nodes were harvested at
3 days after RFA followed by the DC transfer. Frozen sections were
prepared and stained with anti-GFP antibodies. Arrows indicate the
GFP-positive cells in the lymph nodes. Bar 20 pm. e The draining
lymph nodes were also analyzed using flow cytometry after staining
with anti-CD11c antibodies. Data were obtained from six mice in
each group. Percentages of GFP* CD11c* cell are presented as the
mean = SE. **P < 0.01

DCs. Tumor volumes were measured for 10 days after
treatment/no treatment. On the day after RFA, the treated
tumors were covered with scars, started to shrink and had
disappeared macroscopically at 4 days after RFA in all of
the groups. This indicated that RFA treatment was highly
effective for focal lesions. The injected DCs were detected
in the treated tumors (Supplementary Fig. 3). With regard
to the untreated tumors, as we previously reported, the
group treated with RFA only showed an antitumor effect
against distant tumors. The injection of immature DCs
combined with RFA did not show any additional enhance-
ment of the antitumor effect. On the other hand, the vol-
umes of the untreated tumors in the group that underwent
RFA combined with the injection of OK-432-stimulated
DCs were strongly suppressed (P < 0.001) relative to other
groups (Fig. 2b).

Recruitment of antigen-specific lymphocyte
fractions in both splenocytes and tumor by injected
OK-432-stimulated DCs

Ten days after RFA, the tumors and the spleens were har-
vested and analyzed using immunohistochemical staining.
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Fig. 2 Impact of injection of OK-432-stimulated DCs into murine
MC38 subcutaneous tumors. a RFA was administered to a tumor
on one flank followed by injection of 1 x 107 DCs into the treated
tumor. The untreated tumor on the opposite flank was observed for
10 days. The solid arrowheads indicate the treatment interven-
tion sites, and the open arrowhead indicates the observed untreated
tumor. b The tumor volumes were compared among the four groups
as follows: (1) no treatment; (2) RFA only; (3) RFA in combination
with immature DC injection; and (4) RFA in combination with OK-
432-stimulated DC injection. n = 8 mice per group. The data are pre-
sented as the mean =+ SE. *P < 0.05; **P < 0.001

We examined the number of tumor-infiltrating CD4-posi-
tive or CD8-positive cells in the tumors by means of immu-
nohistochemistry. The infiltration of these cells into the
untreated tumors was found to be promoted by RFA. The
injection of OK-432-stimulated DCs after RFA induced
the additional recruitment of CDS8-positive cells into the
untreated tumors (Fig. 3a, b). CD11c-, CD11b- and NK1.1-
positive cells were very marginal and showed no differ-
ences in number among the four groups (data not shown).
Systemically, in terms of analyzing splenocytes with
flow cytometry, the number of CD4-positive and CD8-pos-
itive cells increased in the group treated with RFA in com-
bination with OK-432-stimulated DCs. On the other hand,
the CD11c and NK1.1 fractions, which were considered as
DCs and NK cells, respectively, presented no difference
among the four groups (Fig. 3c). In addition, we examined
the effect of the injection of OK-432-stimulated DCs after
RFA on inhibitory blood cells such as regulatory T cells
(Tregs) and myeloid-derived suppressor cells (MDSCs)
(Fig. 3c). Among CD4-positive cells, significantly fewer

Tregs were detected in the group treated with RFA in com-
bination with OK-432-stimulated DCs than in the group
treated with RFA in combination with immature DCs. In
the analysis of MDSCs, their rates of occurrence were not
affected by treatment with either RFA alone or RFA in
combination with DCs. Taking these results together, we
concluded that treatment with RFA combined with OK-
432-stimulated DCs enhanced the number of CD4- or
CD8-positive T cells and reduced the Treg/CD4 ratio, but
did not influence MDSC numbers.

Furthermore, we examined the number of tumor-spe-
cific IFN-y-producing cells at 10 days after RFA using the
ELISPOT assay. The number of IFN-y-producing cells
among splenocytes and TILs showed the same trend as
the level of tumor growth control among the four groups
(Fig. 3d); the group treated with RFA in combination with
injected OK-432 DCs showed the most abundant specific
spots. These results suggested that the augmented antitu-
mor effects of RFA combined with OK-432-stimulated
DCs depended in large part on tumor-specific immune
responses by CD4 cells or CDS cells.

Evaluation of tumor-specific immune responses in the
draining lymph node after OK-432-stimulated DC transfer

CD4 T cells and CD8 T cells are now thought to have an
important antitumor effect as a result of the OK-432-stim-
ulated DC transfer. To elucidate the priming of the antigen-
specific immune response, we analyzed the draining lymph
nodes at 3 days after RFA focusing on CD4-positive or
CDS8-positive cells. CD69, the early activation marker, on
CD4-positive and CD8-positive cells was examined and
compared between the immature DC transfer group and the
OK-432-stimulated DC transfer group. It was found that
CD69 expression on both CD4-positive and CD8-positive
cells was elevated in the OK-432-stimulated DC transfer
group (Fig. 4a, b). The activations were also demonstrated
to be tumor-specific using the IFN-y ELISPOT assay in
which each of CD4-negative and CD8-negative fractions
was applied to the assay and both showed tumor-specific
IFN-y secretions (Fig. 4c).

Evaluation of the relationship between CD4-positive
and CD8-positive cells and the antitumor effects of RFA
and OK-432-stimulated DC transfer

We have demonstrated that combination therapy involving
RFA and OK-432-stimulated DC transfer might generate
enhanced antitumor effects via tumor-specific CD4-pos-
itive and CD8-positive cells. To obtain further evidence,
we carried out in vivo CD4 or CD8 depletion studies in
mice. Initially, we confirmed CD4 or CD8 depletion in
the control in vivo study (Supplementary Fig. 4). The
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Fig. 3 Analysis of the tumor-infiltrating lymphocytes and the sple-
nocytes after combination therapy with RFA and DC injection.
a CD4-positive and CD8-positive cells in the observed untreated
tumors were detected using immunohistochemistry at 10 days after
RFA. The black bar represents 50 pwm. b The number of positive
cells was counted using a microscope. This was achieved by count-
ing the number of cells in six randomly chosen tumor areas at 400-
fold magnification. Three mice were used in each group. The data
are presented as the mean + SE. *** P < 0.001; ns not significant.
¢ Ten days after RFA, splenocytes were stained with anti-CD4, anti-
CDS8, anti-NK1.1 and anti-CD11c antibodies and analyzed using flow
cytometry. Regulatory T cells (Tregs) defined as CD4*CD25 Foxp3™

CD4-positive and CD8-positive fractions in the peripheral
blood were greatly depleted at 7 days after injection of the
antibodies. The experimental schedule was determined as
follows. The depletion antibodies were injected at 1 day
before and 3 days after RFA, and the tumors that were not
treated with RFA were observed for 10 days. In addition,
the draining lymph nodes were harvested at 3 days after
RFA and analyzed (Supplementary Fig. 5). The antitumor
effects of RFA treatment and the augmented effects from
OK-432-stimulated DCs were cancelled out by depletion of
both CD4 and CDS cells (Fig. 5a). In the CD4 depletion
study, there was no priming of the antitumor effect in the
draining lymph nodes (Fig. 5b; Supplementary Fig. 6). On
the other hand, in the CD8 depletion study CD4 cells were
activated with tumor specificities in the draining lymph
node in both groups, and the activation was stronger in the
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cells and myeloid-derived suppressor cells (MDSCs) defined as
CD11b*Gr-1" cells were counted and compared among the four
groups. Six mice were analyzed in each group. The data are presented
as the mean =+ SE. *P < 0.05; **P < 0.01; ***P <« 0.001; ns not sig-
nificant. d Immune responses by the splenocytes and the tumor-infil-
trating lymphocytes (TILs) were examined by means of the IFN-y
enzyme-linked immunospot (ELISPOT) assay using MC38 lysate. In
the assay for TILs, 1 x 10° TILs were mixed with 2 x 10° spleno-
cytes from B6 mice and applied to the well. Six mice were analyzed
in each group. The data are presented as the mean & SE. **P < 0.01;
##%P < (0.001; ns not significant

OK-432-stimulated DC transfer group (Fig. Sb; Supple-
mentary Fig. 6). Tumor-specific reactions were also dem-
onstrated in the splenocytes and the TILs at 10 days after
RFA. There was a tendency for OK-432 DC transfer treat-
ment to result in the recruitment of increased numbers of
tumor-specific lymphocytes into the tumor on the opposite
flank (P = 0.184; Fig. 5c). These results indicated that the
tumor-specific activation of CD8 cells was necessary for
the antitumor effect and was completely dependent on help
from the CD4 cells.

Discussion

In the past decade, cytotoxic agents and molecular-targeted
therapies have been developed, and the treatment outcomes
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Fig. 4 Antigen-specific activation of both CD4-positive and CD8-
positive cells in the draining lymph node. a Three days after RFA
followed by DC transfer, the draining lymph node was harvested and
analyzed by staining with anti-CD4 antibodies, anti-CD8 antibodies
and anti-CD69 antibodies. The fluorescence intensities of CD69 in
the CD4-positive and CD8-positive fractions are compared between
the OK-432-stimulated DC transfer group and the immature DC
transfer group. The data were obtained from six mice in each group.
The histograms show the representative data. b The mean fluores-
cent intensities are also presented as the mean £ SE. *P < 0.05. ¢
The antigen specificities of the T-cell activations were confirmed by
means of the IFN-y ELISPOT assay using MC38 lysate. After CD4
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phocytes from the draining lymph nodes were submitted to IFN-y
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for various cancers have improved. However, few patients
with advanced cancers have been completely cured, and
thus, new strategies for anticancer therapy are required.
Immunotherapy is considered to have the potential to effec-
tively treat such advanced cancers, and many different
approaches have been explored. For the utilization of the
adoptive immune response in a cancer therapy, DCs are a
key constituent of the immune system. This is because of
their natural potential to present tumor-associated antigens
to CD4" and CD8" lymphocytes and also to control both
immune tolerance and immunity [21]. Thus, DCs are con-
sidered as an important target for cancer immunotherapy.
Many trials and studies have been carried out regarding

immunotherapy for cancer using DCs, some of which
have been reported to have pronounced effects [22-25].
In recent studies, it has been revealed that RFA treatment
induces tumor-specific T-cell responses, which is known as
the abscopal effect; this has been mainly reported in radio-
therapy studies and is augmented with combined immuno-
therapies [26, 27]. Brok et al. [28] have previously reported
on the vaccination effects of combination therapy involving
RFA and CTLA-4 antibody.

To our knowledge, this is the first study that has demon-
strated using a murine metastatic cancer model that RFA
in combination with focal DC injection could enhance the
antitumor effects of RFA alone. Our results showed that
immature DCs made no additional immunological contri-
bution to RFA. In the analysis of draining Iymph nodes, few
transferred DCs were detected after the injection of imma-
ture DCs. It appeared that immature DCs did not act as
sentinels in the adoptive immune system, partially because
they exhibited low expression of CCR7 (the main molecule
that promotes DC migration [29]), even though elevation
of CCR7 expression using OK-432 was very modest in our
study. There is another possibility immature DCs are easily
lysed and excluded by the host immune system [30]. On
the other hand, mature DCs can escape cell lysis [31].

Utilization of OK-432-stimulated DCs improved the
number of migrating transferred DCs in the present study.
These DCs, which could act as sentinels for immunity,
induced expansion in the number of tumor-specific lym-
phocytes in the draining lymph nodes, in the splenocytes
and in the distant nontreated tumors, without systemic
expansion of inhibitory cells such as Tregs or MDSCs. We
also demonstrated that these augmented antitumor effects
after OK-432-stimulated DC transfer were primed in the
draining lymph nodes with tumor-specific activations of
CD4-positive and CD8-positive cells; it was proved that
without CD4-positive or CD8-positive cells, both the anti-
tumor effect by RFA and the additional effect of the injec-
tion of OK-432-stimulated DCs disappeared completely.
In addition, the in vivo CD4 depletion study revealed that
tumor-specific activations of CDS8-positive cells were
not seen in the draining lymph nodes in both groups after
the injection of immature DCs and OK-432-stimulated
DC injection; in other words, tumor-specific CD8 activa-
tion depended on CD4-positive cells entirely. In the CDS
depletion study, on the other hand, we found that tumor-
specific CD4-positive cells appeared in the draining lymph
nodes, the splenocyte population and the untreated tumor
on the opposite flank, and these lymphocytes were con-
sidered to be CD4-positive cells. In the tumor-infiltrating
lymphocytes, there was a tendency for more tumor-specific
CD4-positive cells to be recruited after treatment involving
OK-432-stimulated DC transfer. Many researchers have
demonstrated the contribution of CD4 cells to cytotoxicity

@ Springer

- 2856 -



Cancer Immunol Immunother

CD4 depletion CD8 depletion
___ 1200+ .
T T 1500+
£ 900+ £
(] (0]
1000+
g 6004 ns g ns
S 2
= . 5004
o 3004 ]
£ 1S
e o
O L ¥ T ¥ O T ¥ 1 T
0 3 7 10 0 3 7 10
Days after treatment Days after treatment
-@- No treatment —&— RFA + immature DC injection
- RFA only -¥- RFA + OK432 DC injection
b c
o CD8 depletion study
o 607 x 2 304 ns
[e) x (@]
& @
2 o
-g 40 1 § 20
@ &
S . ns kS
5 20 5 10
e e}
: 5
Z o4 Z ol
CD4dep CD8dep Splenocyte TIL
{1 RFA + immature DC [ No treatment {1 RFA only

B RFA + OK432DC

Fig. 5 The augmented antitumor effects depended on both CD4-
positive and CD8-positive cells. a For in vivo CD4 or CD8 deple-
tion, monoclonal antibodies specific to CD4 (GK1.5) or CD8 (2.43),
respectively, were injected intraperitoneally at 1 day before and
3 days after RFA. Tumor volumes were compared among the four
groups for 10 days after RFA. In each experiment, data were obtained
from four mice per group and are presented as the mean =+ SE. ns
not significant. b The draining lymph nodes were harvested at 3 days

[32, 33]. However, in our experimental models, tumor-spe-
cific CD4-positive cells were not observed to contribute to
the antitumor effect. Summarizing the above, in our study,
the CD4-positive cells were required for the priming of the
immune responses, and the CD8-positive cells acted as the
effector cells after help from the CD4-positive cells.

In conclusion, we consider on the basis of our preclini-
cal findings regarding combination therapy involving OK-
432-stimulated DCs with RFA for the treatment of meta-
static liver cancer that clinical trials can now proceed. It is
anticipated that this combination therapy will be markedly
superior to RFA single therapy.
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Coordinated Changes in DNA Methylation in Antigen-Specific
Memory CD4 T Cells

Shin-ichi Hashimoto,*"* Katsumi Ogoshi,* Atsushi Sasaki,” Jun Abe,* Wei Qu,"
Yoichiro Nakatani,” Budrul Ahsan,’ Kenshiro Oshima,” Francis H. W. Shand,*
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Memory CD4" T cells are central regulators of both humoral and cellular immune responses. T cell differentiation results in
specific changes in chromatin structure and DNA methylation of cytokine genes. Although the methylation status of a limited
number of gene loci in T cells has been examined, the genome-wide DNA methylation status of memory CD4" T cells remains
unexplored. To further elucidate the molecular signature of memory T cells, we conducted methylome and transcriptome analyses
of memory CD4™ T cells generated using T cells from TCR-transgenic mice. The resulting genome-wide DNA methylation profile
revealed 1144 differentially methylated regions (DMRs) across the murine genome during the process of T cell differentiation, 552
of which were associated with gene loci. Interestingly, the majority of these DMRs were located in introns. These DMRs included
genes such as CXCR6, Tbox21, Chsyl, and Cish, which are associated with cytokine production, homing to bone marrow, and
immune responses. Methylation changes in memory T cells exposed to specific Ag appeared to regulate enhancer activity rather
than promoter activity of immunologically relevant genes. In addition, methylation profiles differed between memory T cell
subsets, demonstrating a link between T cell methylation status and T cell differentiation. By comparing DMRs between naive

and Ag-specific memory T cells, this study provides new insights into the functional status of memory T cells.

Immunology, 2013, 190: 4076-4091.

D4* T cells are central regulators of both humoral and
cellular immune responses. Activation of naive CD4*
T cells by Ag induces cell proliferation, resulting in the
formation of a large number of effector cells and, subsequently,
a limited number of memory cells. Memory CD4* T cell pop-
ulations are maintained by cytokine survival signals and homeo-
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static proliferation, such that they are able to respond rapidly to
subsequent exposure to the same Ag (1, 2). Recently, it was re-
ported that the first exposure of a naive T cell to Ag and cytokine
signals results in specific changes in the cell’s chromatin structure
and in DNA methylation of the cell’s cytokine genes (3-5).

Chromatin modifications are known to impose epigenetic con-
trols on gene expression without changing DNA sequence (6).
These modifications determine the level of cell type—specific gene
transcription by modulating the accessibility of genes to tran-
scription factors and the basal transcription apparatus. It is well
known that epigenetic regulation is linked to gene repression of
oncogenes and development-related genes (6, 7). Genes that are
active (open) in a particular tissue or cell type have increased
acetylation and methylation of their histones (e.g., H3K4 meth-
ylation), whereas genes that are inactive (closed) are characterized
by highly condensed chromatin and decreased acetylation and
methylation of their histones (e.g., H3K9 and H3K27 methyla-
tion). In addition, DNA methyltransferases establish and maintain
the pattern of genomic DNA methylation of cytosines in CpG
dinucleotides. DNA methylation status is generally considered to
correlate inversely with transcriptional activity, with transcrip-
tionally silent genes being highly methylated and transcriptionally
active regions being relatively unmethylated (8, 9). DNA meth-
ylation is also associated with epigenetic gene regulation during
embryogenesis, genomic imprinting, and X-chromosome inacti-
vation (10, 11).

In the immune system, a lack of methylation at the appropriate
loci in T and B lymphocytes is associated with transcription and
rearrangement of Ig and TCR genes, as well as with cell lineage—
specific expression of CD4, CD8, and CD21 (12-15). When naive
T cells differentiate to Thl cells, but not to Th2 cells, DNase
hypersensitive sites appear in the IFN-y gene (16). Furthermore,
the IFN-vy gene is methylated to a lesser extent in human and
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murine Th1 and CD8 effector cells than in naive and Th2 cells. In
contrast, the IL-4 and IL-5 genes are less methylated in Th2 cells
than in Thl cells. Treatment of T cells in vitro with drugs that in-
hibit histone deacetylases or DNA methylation increases IL-4 and
IFN-y expression. Moreover, naive T cells from conditional Dnmt1-
knockout mice, which lack DNA (cytosine-5-)-methyltransferase 1,
express substantially more IFN-y and IL-4 after Ag activation, an
effect that appears to be mediated, at least in part, by demethylation
of the cis-regulatory element (17). Recently, it was demonstrated
that demethylation of the FOXP3 locus is pivotal for differentiation
of CD4*CD25" regulatory T cells (18) and that the CpG regions of
cell type-specific genes (e.g., IL2RA, CTLA4, and CD40LG) in
conventional human CD4" T cells and regulatory T cells are dif-
ferentially methylated (19). A limiting DNA methylation affects the
proliferative potential of Ag-specific CD8* T cells with moder-
ate effects on their differentiation to effector and memory CD8*
T cells (20). Additionally, methyl-CpG-binding domain protein
2-deficient mice display reduced memory CD8* T cell differen-
tiation following acute viral infection (21).

These findings indicate that DNA methylation is crucial for
memory T cell development and cytokine production. However, in
T cells, the DNA methylation status of only a limited number of
genes has been examined. The genome-wide DNA methylation
status of memory CD4™ T cells derived from Ag-stimulated naive
cells remains unexplored. In this study, we investigated the gene-
expression profiles and genome-wide DNA methylation status of
naive and Ag-specific memory CD4" murine T lymphocytes.

Materials and Methods
Mice

BALB/c mice were purchased from Clea (Tokyo, Japan). OVA-specific
TCR-transgenic (Tg) mice (DO.11.10; OVA-specific TCR Tg X RAG2™~
mice) were maintained under specific pathogen—free conditions.

Reagents

The anti-CD4-Pacific Blue (RM4-5), anti-CD62L mAb (MEL-14), anti—
CD25-PE (7D4), PE-conjugated anti-CD4 mAb (GK1.5-PE), anti-CD44-
bio (IM7), anti-CD69-bio (H1.2F3), anti-CD127-bio (ATR34), TFN-y—
FITC (XMG1.2), anti-IL-4-Alexa Fluor 647 (11B11), anti-TNF-a-PE/
Cy7 (MP6-XT22), anti-mouse TCR DO11.10-PerCP/Cy5.5 (KJ1-26), and
streptavidin-allophycocyanin were purchased from BD Pharmingen and
eBioscience.

Generation of effector and memory CD4™ T cells

OVA-specific naive CD4" T cells were isolated from the spleens of
DO11.10-Tg mice. To generate effector cells, naive CD4™ T cells were
stimulated with 1 pg/ml an OVA peptide (residues 323-339; ISQAV-
HAAHAEINEAGRD; synthesized by Sigma Genosys, Hokkaido, Japan)
plus allophycocyanin for 5 d in vitro (22). Five million of these cells were
transferred i.v. into normal syngeneic BALB/c recipient mice. In most
experiments, 4 wk after effector cell transfer, KI1* cells from the spleens
of recipient mice were sorted by FACSVantage (BD Pharmingen) and used
as memory CD4* T cells.

Assays for cytokine production

Naive effector and memory KJ-17CD4™ T cells were restimulated with
PMA (20 ng/ml)/ionomycin (1 pg/ml) (P/I) and brefeldin A (10 pg/ml) for
5 h. Cells were then fixed (Cytofix buffer; BD Pharmingen), per-
meabilized, stained intracellularly with anti~IFN-y Ab, anti-IL-4 Ab, or
anti-TNF-a Ab or its isotype control, and analyzed using a Gallios Flow
Cytometer (Beckman Coulter).

Methyl-sensitive cut counting library construction

The integrity of cDNA was confirmed using an Agilent 2100 Bioanalyzer
prior to construction of the methyl-sensitive cut counting (MSCC) libraries.
The protocol for MSCC library construction was modified slightly from that
described previously (23).

4077

Adapters Al (5'-TTTCCACTACGCCTCCGCTTTCCTCTCTATGGG-
CAGTCGGTGATCCGAC-3") and A2 (5'-CGGTCGGATCACCGAC-
TGCCCATAGAGAGGAAAGCGGAGGCGTAGTGG-3') contain a 5’
Mmel recognition site and a 5'-CG overhang; adapters B1 (5'-CGC-
CTTGGCCGTACAGCAGAGCTTACCGCAGAGAATGAGGAACCCG-
GGGCAG-3") and B2 (5'-TTTCTGCCCCGGGTTCCTCATTCTCTGCG-
GTAAGCTCTGCTGTACGGCCAAGGCGNN-3') contain a 3’-NN over-
hang and barcode (more information in Supplemental Table I), as de-
scribed in the Applied Biosystems protocol. To construct the MSCC Hpall
library, 1 g genomic DNA isolated from CD4" T cells was mixed with
8 U Hpall (New England BioLabs) in 1X NEBuffer 1 in a 50-ul reaction
volume and incubated at 37°C for 12 h. Another 8 U Hpall was added, and
the mixture was incubated at 37°C for an additional 3 h. DNA was purified
by phenol-chloroform extraction and ethanol precipitation and resus-
pended in 12.5 wl dH,O. This 12.5-ul DNA solution was mixed with 1.5
wl a mixture containing 5 M adaptor A1, 5 wM adaptor A2, and 10 U T4
DNA ligase (Invitrogen) before incubation at 16°C for 12 h. DNA was
again purified by phenol-chloroform extraction and ethanol precipitation
and resuspended in 8 pl dH,O. This DNA was run on a 10% nondenaturing
Tris-acetate~-EDTA (TAE) polyacrylamide gel, and the 60-80-bp band
was purified. After ethanol precipitation, the DNA pellet was resuspended
in 70 pl a reaction mixture containing 14 U Mmel (New England BioL-
abs), 50 pM S-adenosyl methionine, and 1X NEBuffer 4. This mixture
was incubated at 37°C for 12 h, after which DNA was again purified by
phenol-chloroform extraction and ethanol precipitation and resuspended in
13 pl dH,0. This DNA solution was mixed with 1 pl each 5.8 wM adaptor
B1 and B2 and 10 U T4 DNA ligase, and the mixture was incubated at 16°
C for 12 h. DNA was again purified and resuspended in 20 pl dH,O. This
DNA solution was mixed with 10 U DNA polymerase I (New England
BioLabs), 33 uM 2'-deoxynucleoside 5'-triphosphate, and 1X NEBuffer
and incubated at 16°C for 30 min. DNA was again purified and resus-
pended in 8 pl dH,O. This DNA was run on a 9% nondenaturing TAE
polyacrylamide gel, and the 120-140-bp band was purified. The purified
DNA was then amplified by PCR using the primers 5'-CCACTAC-
GCCTCCGCTTTCCTCTCTATGGGCAGTCGGTGAT-3" and 5'-CTGC-
CCCGGGTTCCTCATTCTCT-3". The 20-pl mixture for PCR contained
200 nM of each primer, 200 nM 2'-deoxynucleoside 5'-triphosphate, 1X
PS buffer, and 1.25 U PrimeSTAR HS DNA polymerase (TaKaRa) and was
run at 98°C for 30 s; 10 cycles at 98°C for 5 s, 62°C for 15 s, 72°C for
1 min; and then 72°C for 10 min. The PCR product was run on a 9% non-
denaturing TAE polyacrylamide gel, and the 120-130-bp band was puri-
fied. The purified libraries were sequenced with the Applied Biosystems
SOLiD4 system, following the manufacturer’s protocol. The integrity of
the cDNA was confirmed using an Agilent 2100 Bioanalyzer prior to
construction of the MSCC libraries. A 1-ng sample of size-fractionated
cDNA was used for sequencing reactions.

An Mspl control library was constructed in the same manner as the Hpall
library, with the following exceptions: in the first step, 100 U Mspl (New
England BioLabs) was used instead of Hpall, and NEBuffer 2 was used
instead of NEBuffer 1, and no amplification was performed following gel
purification. All Hpall libraries were normalized to 5 million.

SOLiD BioScope software (version 1.3) was used to determine methyl-
sensitive restriction enzyme scores and map MSCC sequence reads (20 bp
from the Mmel restriction site) to the mouse genome assembly (NCBI37/
mm9). A DNA-methylation score was defined as the sum of tag sequence
hits (a plus-strand tag and a minus-strand tag) for each restriction enzymesite,
in the absence of repetitive sites, and normalized to 108 reads by the specific
enzyme. To avoid inaccurate identification of methylation sites, differen-
tially methylated regions (DMRs) were defined as those with a change from
0 tags (high-methylation group) to >10 tags (low-methylation group).

Generation and sequencing of the 5'-serial analysis of gene
expression library

A newly developed 5'-end mRNA collection method (24) has extended the
range of the original 5'-end serial analysis of gene expression (SAGE)
technique. This method initially profiles 25-nucleotide 5’'-SAGE tags using
a novel strategy that incorporates the oligo-capping method. The 5'-SAGE
tags are then ligated directly to a linker for sequencing. The purified li-
braries were sequenced with a Solexa system, according to the manu-
facturer’s protocol (Illumina). The integrity of the cDNA was confirmed
using an Agilent 2100 Bioanalyzer prior to construction of 5-SAGE li-
braries. A 1-ng sample of size-fractionated cDNA was used for sequencing
reactions with the Illumina GA, performed according to the manufacturer’s
instructions. We assigned unique tags to RefSeq genes (University of
California, Santa Cruz, http/hgdownload.cse.ucsc.edu/goldenPath/mm9/
database/) when the start position of the tag was within 500 bp upstream
of the transcription start site (TSS), based on RefSeq annotation.
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