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human hepatocytes in mice infected with each genotype after

2-week IFN-treatment (Fig. 4). These results suggest that the -

decrease in HCV is due to the direct anti-viral effect of IFN
and not induced by liver cell damage. The difference in the
virus titer and susceptibility to IFN are considered to be due
to the characteristics of the genotypes.

4. Discussion

In this study, we established a reverse genetics system of
HCV genotype la and 2a clones using human hepatocyte chi-
meric mice. The HCV genotype 2a clone, JFH-1, has remark-
able features, i.e., infects cultured Huh7 cell line as well as
establish infection in chimeric mouse [7]. It has been reported
that HCV genotype la clone, H77-§, also infects Huh7 cell line
and produces infectious virion [14]. In the present study, we
intrahepatically inoculated genotype la infectious clone, CV-
H77C. As reported in chimpanzee [13,15-17], we were able
to establish genotype la infection using human hepatocyte chi-
meric mice. Using this technique, it is hoped that we can con-
duct further experiments in the future using genetically
engineered HCV clones. Experiments using chimeric clone de-
scribed by Lindenbach et al. [7] should also provide further
information regarding the variable replication property of
HCV genomes. Modifying genomes with nucleotide substitu-
tions allowed examination of the functions of HCV peptides
as we showed with HBV [12].

As reported recently by Kneteman et al. [10], the mouse
model system is useful for evaluating the effect of anti-HCV

_drugs such as IFN, protease inhibitors and polymerase inhib-
itors. As we showed in this study, the response to IFN therapy
varied according to HCV genotype. Further experiments are
necessary to determine whether differences in response to
IFN are due to the different replication ability (replication level
of genotype 2a clone was slightly lower than that of genotype
1b, see Figs. 2 and 3) or differences in genotypes, as has been
reported in clinical studies [18]. As we showed in this study
(Fig. 4), there is no hepatocyte damage or inflammation in
the liver of the infected chimeric mouse. Thus, this model is
suitable for the study of mechanisms involved in HCV replica-
tion and IFN resistance.

The intrahepatic injection method used in this study simpli-
fied our experiments using genetically engineered virus. This is
particularly important in studies of protease inhibitors and
polymerase inhibitors because HCV will easily develop resis-
tance against these small molecule agents.

Previous studies identified amino acid sequences that corre-
late with different susceptibilities of genotype 1b HCV against
IFN therapy, namely, interferon sensitivity determining region
{19] and the PKR-eIF2 phosphorylation homology domain
[20,21]. To elucidate such issues, we are currently trying to
establish genotype 1b infection system using the method de-
scribed in this paper. '

In summary, we showed in the present study the successful
application of a genetically engineered HCV in human hepato-
cyte chimeric mice. Using this mouse model, we showed that
genotypes la and 2a HCV clones exhibit different susceptibili-
ties to IFN-alpha therapy. Our mouse model seems useful for
the study of HCV virology and resistance of HCV against IFN
and for the development of new anti-HCV therapy.
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Expression Profiling of Peripheral-Blood
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Background. Interferon (IFN) is now the standard treatment for chronic hepatitis C (CH-C); however, treat-
ment efficacy is unpredictable before IFN therapy is started.

Methods. We investigated the gene-expression profiles of peripheral-blood mononuclear cells (PBMCs) from
patients with CH-C showing different responses to IFN. Gene-expression profiles of PBMCs were analyzed in 21
patients with CH-C treated with IFN alone or in combination with ribavirin as well as in 6 healthy volunteers.
Serial changes in the gene-expression profiles of PBMCs from individual patients were evaluated before treatment,
2 weeks after the start of IFN therapy, and 6 months after the completion of IFN therapy.

Results. Interestingly, the gene-expression profiles of PBMCs from patients with CH-C and healthy volunteers
differed substantially; early T cell-activation antigen CD69 was significantly up-regulated in patients with CH-C,
but immune-related molecules such as chemokine (C-C motif) receptor 2 and interleukin 7 receptor were sig-
nificantly down-regulated. Selected combinations of expressed genes obtained before treatment and during IFN
therapy by use of a fuzzy neural network combined with the SWEEP operator method predicted the outcome of

IFN therapy with peak accuracies of 91.0% and 90.2%, respectlvely
Conclusions. These findings suggest that the gene-expression profiles ?f PBMC:s from patients with CH-C may

be useful biomarkers for IFN therapy

Although interferon (IFN) is currently the standard
treatment for patients with chronic hepatitis C (CH-
C), only 30%-40% of patients completely eliminate the
virus, even after effective IFN and ribavirin combina-
tion therapy [1-3]. The mechanism of viral persistence
during IFN treatment remains to be clarified. It has
been reported that several clinical factors, such as viral
load, genotype, degree of fibrosis, and expression of
type I IFN receptors, are useful predictive factors for
the outcome of IFN therapy [4-6]; however, precise
prediction is not possible at present.

Type 1 IFN, such as IFN-a and IFN-, plays an im-
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portant role in innate immunity against viral infections
by suppressing viral replication [7, 8]. However, the
biological activities of IFN have not been fully eluci-
dated. In viral infections such as measles, the number
of peripheral lymphocytes generally decreases. It has
also been reported that infection of dendritic cells and
other immunocompetent cells is involved in exacer-
bated disease states and persistent infection {9]. Hence,
it may be possible to assess disease state and sever-
ity by examining peripheral-blood mononuclear cells
(PBMCs) from infected individuals. PBMCs include
lymphocytes and monocytes, which play the most im-
portant roles in the immunological response to viral
infection.

In the present study, we investigated the gene-ex-
pression profiles of PBMCs from patients with CH-C
and healthy volunteers by use of cDNA microarray
techniques [10~16]. By determining the gene-expres-
sion profiles of PBMCs from patients with CH-C re-
ceiving IFN therapy, we also clarified the differences in
the PBMC gene-expression profiles between patients
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Table 1. Clinical characteristics of patients and responses to interferon {IFN) therapy.

Serum HCV RNA level, kiU/mL

Group, patient ALT Histology PBMC HCV
(sex, age in years) level, IU/L score? Serotype  IFN therapy Response Before 2 weeks 6 months RNA at 2 weeks
Group A

1 (M, 46) 31 F1/a1 2 Mono CR 23 <0.5 <0.5 -

2 (R 47) 40 F1/A1 2 Mono CR 416 <0.5 <0.5 +

3 (M, 71) 59 . F4/A2 1 Mono CR 42.3 2.2 <0.5 -

4 (M, 55} 19 Fa/A2 2 Mono CR 1.3 <0.5 <0.5 -

5(M, 54) 30 F2/A1 1 Mono BR 620 ND >850 ND

6 (F 43) 46 F2/A1 1 Mono BR 160 <0.5 611 +

7 (M, 58) 236 F1-2/A1 NA Mono BR 360 <0.5 620 -

8 (M, 60) 114 F3/A2 2 Mono BR 770 <0.5 2200 -

9 (M, 62) 70 F2/A1 1 Mono NR 130 130 350 +

10 (M, 42) 59 F2/A1 1 Mono NR 800 7.2 190 -

11 {F, 62) 138 F2-3/A2 2 Mono NR 650 183 1400 +

12 (M, 49) 48 F2/A2 2 Mono NR 330 <0.5 69.5 -

13 (F. 56) 104 F1/A1 1 Mono NR 751 <0.5 610 -
Group B '

14 (M, 49) 69 F3/A2 1 Combination CR >850 ND <0.5 ND

15 (M, 50} 35 F1/A2 1 Combination CR 475 <0.5 <0.5 ND

16 (M, 44) 106 F2/A2 1 Combination NR 325 68.8 826 ND

17 (M, 56) 30 F2/A1 1 Combination CR 91 <0.5 <0.5 ND

18 (F 39) a7 F1/Aa1 1 Combination CR >850 0.7 <0.5 ND

19 (F, 64) 117 F2/A1 1 Combination NR 484 0.8 >850 ND

20 (M, 66} AN F2/A1 1 Combination NR >850 390 1300 ND

21 (F, 62) 103 F3/A2 1 Combination NR 820 270 1200 ND

NOTE. +, positive; —, negative; ALT, alanine aminotransferase; BR, biochemical responder; CR, complete responder; F, female; M, male; NA, not applicable;

ND, not detected; NR, nonresponder; PBMC, peripheral-blood mononuciear cell.

® Grading and staging of chronic hepatitis were histologically assessed according to the method of Desmet et al. {17], as described in the text.

with CH-C who responded to IFN therapy (complete respond-
ers (CRs]) and those who did not (nonresponders [NRs]).

SUBJECTS, MIATERIALS, AND METHODS

Patients. Subjects were 21 patients with CH-C and 7 patients
who showed no clinical signs of hepatitis at Kanazawa Uni-
versity Hospital, Japan, between 1999 and 2001. To 13 patients
with CH-C (group A), 6 million IUs of IFN-a2b was admin-
istered every day for 2 weeks and then 3 times weekly for 22
weeks. To 8 patients with CH-C (group B), IFN-o2b was ad-
"ministered in the same fashion, and ribavirin was administered
concomitantly (600 mg for <60 kg of body weight, 800 mg
for >60 and =80 kg of body weight, and 1000 mg for >80 kg
of body weight). The 6 age- and sex-matched healthy volunteers
were seronegative for either hepatitis B surface antigen or hep-
atitis C virus (HCV) antibody and had liver function values
within normal limits. Eight CRs (negative HCV RNA for >6
months), 4 biochemical responders (BRs; normal serum alanine
aminotransferase [ALT] levels for >6 months and positive se-
rum HCV RNA), and 9 NRs to IFN therapy were enrolled.
After informed consent was obtained from patients, peripheral-

blood samples were collected before the start of IFN therapy,
at 2 weeks into treatment, and at 6 months after the completion
of treatment. PBMCs were then isolated from whole blood and
stored in liquid nitrogen until use. Grading and staging of
chronic hepatitis were histologically assessed according to the
method of Desmet et al. {17]. Clinical characteristics, such as
sex, age, ALT levels, degree of histological activity or staging,
HCV RNA load and HCV serotype, did not differ significantly
among the groups (table 1).

Virological assessment. The amount of HCV RNA was as-
sayed by the Amplicor Monitor Test (Roche Molecular Sys-
tems). HCV was classified by a serologic genotyping assay that
has been shown to be specific and sensitive for determining
HCV genome subtype [18]. -

Preparation of cDNA microarray slides. Most cDNA
clones used in the present study were obtained from IMAGE
Consortium libraries through their distributor, Research Ge-
netics, as described elsewhere [19-24]. In addition to these
clones, we included clones to monitor IFN signaling. The newly
constructed cDNA microarray slide (Kanazawa IFN chip; ver-
sion 1.0) comprised 400 representative IFN signaling—related

256 « JID 2007:195 (15 January) * Tateno et al.
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Figure 1. A, Hierarchical clustering analysis of gene-expression profiles of peripheral-bload mononuclear cell (PBMC) samples from 13 patients with
chronic hepatitis C {CH-C; complete responders [CRs] 1-4, biochemical responders [BRs] 1-4, and nonresponders [NRs) 1-5) and 6 healthy volunteers
{H1-H6) among 1305 tested genes before the start of interferon {IFN) therapy. performed using BRB-ArrayTools software. The dendrogram indicates
the order in which patients were grouped on the basis of similarities in their gene-expression patterns. B, One-way clustering analysis of gene-
expression profiles of PBMCs before the start of IFN therapy, using differentially expressed genes in the Janus kinase signal transducer and activation
of transcription (JAK-STAT) cascade, humoral immune response, and G protein—coupled receptor protein signaling pathway. Gene cluster data are
presented graphically as colored images; red indicates up-regulated genes, and blue indicates down-regulated genes. C, Bar graph indicating gene
expression in liver-infiltrating lymphocytes relative to that in hepatocytes (left axis), and line graph indicating the T values for class-prediction analysis
between patients with CH-C and healthy volunteers {right axis). Genes with increased expression in the liver {red] tended to be expressed at lower
levels in PBMCs, and genes with decreased expression in the liver (biue) tended to be expressed at higher levels in PBMCs.

- 139 -



Buipuig uisioLd TOLZOOTWN 62000 (0190 2 990 € 8|no8|oW ucisaype Jejnjjadisiuj
Ajainoe Joloe) uonduasuel) || asesswAlod YNYH 6612007 AN 65100 09°'c~ 990 Z Joioe} AiorenBau uoiapaluy
AllAoR J0)0R) UONHALOSURY L9%2007AIN 68000 $8'E~ 990 ausboouo 2AW-)
Bulpuig uisi0.d #2800 NN 61100° Le~- 990 aavd
Auniloe esesajsuey| LLOYOO™ NN 10000’ Y55 990, aseyiuAs e1eil)
Bulpuig 90534 8E0S00"WN  L1000°  LL't— 690 (@ uiiydoyaAa) g asesawos! [Ajo.diApindad
AuAROE JolBAlOR 8sediD L'Zv962a 10000 €L'6~ €90 £500VVIN
SWOSOoqu 4O JUBNIASUOD |BJNIDNIS - 09vELX 66000 08'e- 290 £7 waejosd |ewosogry
AnAnoe Joydedes g Jo1oey yimodb Buiusiojsuely || edA| ZYZE00 AN 28000° L(8'E~ 290 g1 Joxdaoal ¢ Joloey yimoib Buiwiojsuel]
AlAROE aseiowos| ¥10Z00"AN 0€000° 82V~ 90 {eax 6S) v wisl0.d ButpuIg-90G N4
BUWOSOQY JO JUSNHISUOT jBiNlonAg PS809N 16000 8~ 650 gL S uteroud |ewosoqiy
Bulpulg wNQ 0SLLBIN  BELOOT 99€- LSO uabiue uoneUBIBYIP JBBIINU 13D PIOJSANN
AlAnoe ese|oIpAH 8ZBLOOTWN  9LLOO"  €L€- LSO {esedijoydsoydosAj) uieloud {372) |easAio uapAaTi-loosey) |ydoulsol
Buipuig uisjoid papjojun 0EVO00TAN  ¥1000°  09'v— 950 {V) ¥ uungns 14} Buwieluos-uiuciadeyd
Buipuig wNQ 080900°AIN  62000° 0Ev— 990 Bojowoy |-JA7/sosex
8W0S0qN JO JUSNINSUOD |BINJONAS 2e698X 04000 ve'€— S50 . egl uieloid jewosoqly
Aunioe Jougiyur ewAzu3 9vLE00” NN 9v000 Zly— €50 uteyo By uIBUAD Jrwse|dolA)
AlAnoe Joydsoal g uiynapaly| GBE000 AN 88000 G8'E—~ 250 (eBeydooew-a1A00)nuelB) Aluie-mo; ‘g Jordadas Z J01oey Bunenwis Aucjo)
Buipuiq uor wnped 6£0¥00° NN L0000 98— 6v0 (I uuodody)) || UXeUUY
Buipuig uabiuy 681200 AN 62100 69°€—- LY0 J01dadal £ unnapsiv]
Ananoe Joidedes auowsyd -3 LP9000~WN 00000 69'9— SE'0 Z J01dadau (yow -0} subowayd
paie|nBal-umoq
Buipuiq urelold 659200 WN £2000° L'y £9'L uebliue /800D 'goW usbnue uoneande-alAsouou (Yvd()
J0sino8.d Wioy paIoydue-idog ‘soydasear Jojeanse usbouiwseid edAl-eseunioln
Buipuig wyNQ pabeweq 08€000" WN G8000° 08't €9'L v dnoub uoneiuswadwod ‘wnsojuawbid euspols)
Bupuiq unoy 0LEE00T AN 92000 SE'Y 891 €1-p SUOX8 4SVA
Auaoe eseiolpAH BZVZOOTWN  6L000° 95V 0Ll L-ISYH eseuiatoidofielaw xiiew |-Isel suo|)
Auanoe asessjsueniAyeiy 6919007 NN £0000° 626 66l . 858J8)sUCAYISUI-N BPILUBUNCIIN
Auanoe suowsoy apiidedoinspy LLLLO0TAIN 9%000° AR 102 apiidadAjod Bupeanoe-ase|aAd elgjAuape Azeunild
Auanoe Jeonpsues jeudls ZZ6ZO0TAIN  BZ000°  LEY £€'C L Bulieubrs uieioud 9 4o soteinBay
AlAnoe 101dasa) sueiquiswsSue)] LBZ 100 AN 10000 GG’ (182 (uabnue co_um>_uom|=wo. 1 Aues ‘0gd) uabinue 690D
Auanoe Jongiyul asepidadopu3 o9vzZe00 AN 1000’ 619 6Z¢€ | uipuodsoquioryy
esuodsal asueaq €EZY00" AN SZ100 oz 09t {Anwepsdns ungojbounwwi ‘sa1AdcoydwA| g psieanade) usbiue £8Q0
peienbaidn
uollelouUE BUBY) *OU UOISS992e d 1 oney sweu susb ‘Asobaie)

yueguan

‘s1aayunjoa Atjeay ur jeyy yum paiedwod ‘g spieday atuosyo yitm swaned ul sasab pajejnbai-umop 10 -dn aanejuasaiday -z ajqel

.

- 140 -



Table 3. Gene ontology (GO) comparison to discriminate between patients with chronic hepatitis C

and healthy volunteers.

P
GO Genes, LS KS
category GO description no. permutation  permutation
7259 JAK-STAT cascade 6 .00167 17913
63959 Humoral immune response 25 .00303 03114
7186 G protein—coupled receptor protein signaling pathway 18 .00348 17817

NOTE. JAK-STAT, Janus kinase signal transducer and activation of transcription; KS, Kolmogorov-Smirnov; LS, least

squares.

genes, 200 receptor- and cell adhesion—related genes, 160 ap-
optosis- and cell cycle-related genes, 150 transcription factors,
120 stress-response genes, and 275 other functional genes.
RNA isolation and antisense RNA amplification. Total
RNA from PBMCs was isolated using Micro RNA Isolation
Kits (Stratagene), and antisense RNA (aRNA) was amplified as
described elsewhere [20, 22, 24]. The quality and degradation

of isolated RNA were estimated after electrophoresis using an
Agilent 2001 bioanalyzer. The references used for each mi-
croarray analysis were aRNA samples prepared from PBMCs
obtained from a healthy volunteer. Microarray hybridization
was performed as described elsewhere [19-24), and each hy-
bridization was repeated for all samples.

Gene-expression profiles of liver-infiltrating lymphocytes in

A CR group NR group
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Figure 2. A Changes in gene-expression profiles over the course of interferon {IFN) therapy (as shown in table 2) distinguishing patients with
chronic hepatitis C (CH-C) from healthy volunteers before the start of IFN therapy. Box charts show average rates of change in relation to healthy
volunteers as index functions. B, Real-time polymerase chain reaction data for CCRZ and /L7R, which were down-regulated (as determined on the
basis of microarray data) in patients with CH-C before the start of IFN therapy, and CD69, which was up-regulated in patients with CH-C.
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patients with CH-C were investigated by laser-capture micro-
dissection (LCM). Infiltrated lymphoid cells in the portal area
and hepatocytes in liver-biopsy specimens obtained from 8 pa-
tients with CH-C were isolated by LCM. After 2 rounds of total
RNA amplification, the gene expression in infiltrated lymphoid
cells was compared with that in hepatocytes [25]. Optimal con-
ditions for LCM and reproducibility of data were assessed re-
peatedly [24, 25]. Some of these data were used for the analysis
of genes expression.

Image analysis and data processing. Quantitative assess-
ment of signals on the slides was performed using a ScanArray
5000 device (General Scanning), followed by image analysis
using QuantArray software (version 2.0; General Scanning).

Hierarchical clustering of gene expression in patients was
performed using BRB-ArrayTools software (version 3.3.0; avail-
able at: http://linus.nci.nih.gov/BRB-ArrayTools.html). Filtered
data were log transformed, normalized, centered, and applied
to the average linkage clustering with centered correlation.
BRB-ArrayTools include class comparison and class prediction
tools based on univariate F tests to identify genes differentially
expressed between predefined clinical groups. The permutation
distribution of the F statistic, based on 2000 random permu-
tations, was also used to confirm statistical significance. P<
.05, as well as >1.5-fold differences in gene expression, were
considered to be significant. A gene ontology (GO) comparison
tool provides a list that has more genes differentially expressed
and is coordinately regulated among predefined clinical groups
than expected by chance and enables findings among biolog-
ically related genes to reinforce one another. Fisher and Kolmo-
gorov-Smirnov tests were performed for GO comparison (P
<.005) (BRB-ArrayTools).

Changes in gene expression in patients receiving IFN therapy
were classified on the basis of self-organizing maps (Gene-
Cluster software; version 2.0; available at: http://www.broad.mit
.edu/cancer/software/genecluster2/gc2.html).

To identify class predictor genes for IFN therapy, projective
adaptive resonance theory (PART) was used as a screening
method for cDNA microarray data; unlike conventional clus-
tering methods, PART enables the elimination of nonspecific
dimensions for clustering from high-dimensional data [28-30].
From the genes extracted by PART, class predictor genes were
selected using a fuzzy neural network (FNN) combined with
the SWEEP operator method (FNN-SWEEP method). An FNN
model with 1 input unit was initially created. Expression data
for genes from data sets for patients with CH-C were entered
into the FNN model, and the weight parameter was determined
by the SWEEP operator method. We repeated this procedure
for all genes to construct a model for each gene. The 10 genes
with the highest accuracy levels were selected as the “first gene.”
The parameter increasing method was then applied. Having the
first gene fixed, we used a similar method to select the second

gene, which gave the highest accuracy in combination with the
first gene. Having the first gene and the second gene fixed, we
selected the third gene. For validation of this model, we per-
formed leave-one-out cross-validation (LOOCV); we left out 1
test sample and used the remaining 12 samples as training
samples. We created 13 such sets. The FNN model was built
up for 12 test samples, and the accuracy of training and test
samples was calculated.

Real-time quantitative reverse-transcription polymerase
chain reaction (RT-PCR). Quantitation of chemokine (C-C
motif) receptor 2 (CCR2), CD69, and interleukin 7 receptor
(IL7R) RNA expression was performed using the TagMan real-
time PCR assay (ABI PRISM 7700 Sequence Detection System;
PE Applied Biosystems), as described elsewhere [22, 23).

Statistical analysis. All data are expressed as mean * SE
values. One-way analysis of variance by the Bonferroni method
or Student’s t test was used to determine the significance of
differences in clinical characteristics between patients in this
study. P< .05 was considered to be significant.

RESULTS

¢DNA microarray analysis of expression profiles of PBMCs
from patients with CH-C. We initially compared the PBMC
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Figure 3. Thirty-two genes screened for gene-expression data before
interferan (IFN) therapy by projective adaptive resanance theory. Red
indicates up-regulated genes, and blue indicates down-regulated genes.
Asterisks indicate genes that are included in table 4. BR, biochemical
responder; CR, complete responder; NR, nonresponder.
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Table 4. Ten gene combinations selected by the SWEEP operator method for construction of chronic hepatitis C

class prediction at the start of interferon (IFN) therapy.

GenBank Accuracy, %
Combination  Input Gene name accession no.  Training Test
1 1 CD2 antigen (p50), sheep red blood cell receptor” NM_001767 21.2 14.1
2 Glutamate dehydrogenase 1 NM_005271 724 46.2
3 Dynein, cytoplasmic, light polypeptide NM_003746 55.8 494
2 1 Ras-related C3 botulinum toxin substrate 2 NM_002872 34.6 20.5
2 Glutamate dehydrogenase 1 NM_005271 814 68.6
3 Interleukin 2 receptor §° NM_000878 6§3.2 436
3 1 Hemoglobin vG® NM_000184 19.9 16.7
2 Ras-related C3 botulinum toxin substrate 2 NM_002872 64.7 36.6
3 Dynein, cytoplasmic, light polypeptide NM_003746 62.2 58.3
4 1 Intercellular adhesion molecule 2 NM_000873 28.9 26.3
2 Ras homolog gene family member A NM_001664 417 257
3 Prothymosin « NM_002823 66.0 47.4
5 1 Topoisomerase (DNA} | NM_003286 53.9 46.2
2 Catenin (cadherin-associated protein) 81 (88 kDa) NM_001904 66.0 57.1
3 Ras-related C3 botulinum toxin substrate 2 NM_002872 91.0 89.1
6 1 Catenin (cadherin-associated protein) 81 {88 kDa) NM_001804 449 410
2 Topoisomerase {DNA) | ' NM_003286 66.0 571
3 Ras-related C3 botulinum toxin substrate 2 NM_002872 1.0 89.1
7 1 Catenin (cadherin-associated protein} 81 (88 kDa) NM_001904 35.3 314
2 Interleukin 2 receptor f° NM_000878 47.4 436
3 ADP-ribosyltransferase (NAD+; poly [ADP-ribose] polymerase} NM_001618 62.2 60.9
8 1 Chemokine (C-C motif} ligand 4 NM_002984 449 41.0
2 Interleukin 2 receptor g° NM_000878 37.8 295
3 Topoisomerase (DNA) | NM_003286 449 346
9 1 Interleukin 2 receptor §° NM_000878 30.8 30.8
2 Catenin (cadherin-associated protein) 81 (88 kDa) NM_001904 47.4 43.6
3 ADP-ribosyltransferase (NAD+; poly [ADP-ribose} polymerase) NM_001618 62.2 60.9
10 1 CDB9 antigen {p60, early T cell-activation antigen) NM_001781 42.3 321
2 Prothymosin « NM_002823 33.3 24.4
3 Glutamate dehydrogenase 1 NM_005271 391 314

2 Genes that present similar expression patterns during IFN and ribavirin combination therapy.

gene-expression profiles of patients with CH-C with those of
healthy volunteers. For all 1305 genes, the results of hierarchical
clustering analysis, a nonsupervised learning method, con-
firmed that the gene-expression profiles of PBMCs from the 6
healthy volunteers clearly differed when compared with those
of the 13 patients with CH-C (group A) before IFN therapy
(figure 1A). When the 2 groups were compared by support
vector machine, a supervised learning method (BRB-Array-
Tools), a total of 48 predictor genes were identified with a
significance level of P< .002, and it was possible to differentiate
the 2 groups with 100% accuracy. Gene parameters (ratio, T
value, P value, description, GenBank accession no., and an-
notation) are summarized in table 2.

A GO comparison tool (BRB-ArrayTools) identifies more
genes that are differentially expressed and are coordinately reg-
ulated among predefined clinical groups than expected by

chance, thus enabling the finding of biologically related genes
to reinforce one another. GO comparison of gene expression
between the patients with CH-C and the healthy volunteers
revealed significant differences in the Janus kinase signal trans-
ducer and activation of transcription (JAK-STAT) cascade, hu-
moral immune résponse, and G protein—coupled receptor pro-
tein signaling pathway (P<.005) (table 3). One-way cluster-
ing analyses of representative differentially expressed genes are
shown in figure 1B. These genes were generally activated in
PBMCs from patients with CH-C; however, genes such as
CCR2, monocyte chemoattractant protein 1 receptor, and IL7R
were significantly down-regulated. The reason for this is not
known, but it may reflect infiltration of PBMCs into the liver.
The top 20 differentially expressed genes were selected, and
gene-expression profiling of these genes in liver-infiltrating

_lymphocytes was performed (figure 1C). Most of the gene-
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Figure 4. Gene-expression patterns. By use of projective adaptive resonance theory, 86 genes with changes in gene expression before and 2 weeks
after the start of interferon (IFN) therapy were selected. For the complete responder (CR) group, changes in the expression of the 86 genes due to
IFN therapy were classified into the following 5 patterns, on the basis of self-organizing maps {GeneCluster}: up-regulated at 2 weeks after the start
of IFN therapy and then down-regulated after the end of IFN therapy (A} down-regulated at 2 weeks after the start of IFN therapy and then up-
reguiated after the end of IFN therapy (B); up-regulated at 2 weeks after the start of IFN therapy and also up-requlated after the end of IFN therapy
(C); up-regulated at 2 weeks after the start of IFN therapy and then returned to normal after the end of IFN therapy (D) and down-regulated at 2
weeks after the start of IFN therapy and also down-regulated after the end of IFN therapy (£) Representative genes are listed under each pattern.
Asterisks indicate genes that are included in tabie 5.

expression ratios for liver-infiltrating lymphocytes showed >1- trating lymphocytes tended to be expressed at lower levels in
fold increases compared with hepatocytes, thus indicating that ~ PBMCs (figure 1C).

most genes were preferentially expressed in lymphocytes. In- Serial changes in the differentially expressed genes listed in
terestingly, the genes with increased expression in liver-infil-  table 2 during IFN treatment are shown in figure 2A. In the
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Table 5. Ten gene combinations selected by the SWEEP operator method for the construction of chronic hepatitis C
class prediction 2 weeks after the start of interferon (IFN} therapy.

Accuracy, %

GenBank Attt SR

Combination  Input Gene name accession no. Training  Test
1 1 ERCCS NM_000123 55.3 45.5
2 Serine {or cysteine) proteinase inhibitor clade A member 1 NM_000295 856 545

3 Ras homolog gene family member A NM_001664 80.3 70.5

2 1 Baculoviral |IAP repeat—containing 2 NM_001166 a7.7 41.7
2 Serine (or cysteine) proteinase inhibitor clade A member 1 NM_000295 80.3 53.8

3 Ras homolog gene farmily member A NM_001664 80.3 70.5

3 1 Cyclin G1 NM_004060 36.6 440
2 Ras-related C3 botulinum toxin substrate 2 NM_002872 79.6 61.4

3 EST 70.5 56.8

4 1 Ecotropic viral integration'site 2A NM_001003927 41.7 258
2 Peptidylprolyl isomerase D {cyclophilin D) NM_005038 60.6 46.2

3 Cyclin G1 NM_004060 77.3 674

5 1 Myeloid cell nuclear differentiation antigen® NM_002432 55.3 25.8
2 Cyclin G1 NM_004060 - 858 644

3 ADP-ribosyltransferase (NAD+; poly {ADP-ribosel polymerase) NM_001618 80.3 87.1

6 1 Integrin 81 NM_033666 47.7 19.7
2 Cyclin G1 NM_004060 80.3 62.9

3 STATT NM_139266 80.3 68.2

7 1 Differentiation 6 (septin 2) NM_004404 288 258
2 Cyclin G1 NM_004060 75.0 64.4

3 Cell division cycle 20 homolog (S. cerevisiae) NM_001255 90.2 87.9

8 1 MIHC 'NM_001165 28.8 25.0
2 Cyclin G1 NM_004060 75.0 64.4

3 Cell division cycle 20 homolog (S. cerevisiae) NM_001255 90.2 879

9 1 Apoptosis inhibitor 1 (baculoviral IAP repeat~containing 3) NM_001165 28.8 25.0
2 Cyclin G1 NM_004060 75.0 64.4

3 Cell division cycle 20 homolog (S. cerevisiae) NM_001255 90.2 879

10 1 Nuclear factor (erythroid-derived 2)-like 1 NM_003204 25.0 25.8
2 Cyclin G1 NM_004060 75.0 63.6

3 ADP-ribosyltransferase (NAD+; poly [ADP-ribose] polymerase) NM_001618 88.6 81.8

? Genes that present similar expression patterns during IFN and ribavirin combination therapy.

CR group, the expression profiles of genes that were either up-
or down-regulated before IFN therapy were similar to those of
healthy volunteers 6 months after the end of IFN therapy (figure
2A, CR group). On the other hand, in the NR group, expression
of genes that were either up- or down-regulated before IFN
therapy tended to remain up- or down-regulated 6 months
after the end of IFN therapy (figure 2A, NR group). This
suggests that the changes in gene-expression profiles of pa-
tients with CH-C before IFN therapy reflect the state of HCV
infection.

We performed real-time PCR to corroborate the microarray
data. Real-time PCR revealed that CD69 was up-regulated in
patients with CH-C and that CCR2 and IL7R were down-reg-
ulated in patients with CH-C (figure 2B and table 2).

Relationship between PBMC gene-expression profiles and

IFN response. We then analyzed the relationship between

PBMC gene-expression profiles before the start of IFN therapy
and IFN response. Because the regimen of IFN treatment was
different in group A and group B patients, we first focused on
group A patients (table 1). In hierarchical clustering analysis
using all genes before IFN therapy, no clustering was seen in
the CR, BR, or NR groups. Conventional supervised learning
methods, such as support vector machine and nearest neighbor
(BRB-ArrayTools), could not discriminate between the CR,
BR, and NR groups. Therefore, we applied the FNN-SWEEP
method to predict the outcome of IFN therapy. Before FNN-

Table 6. Comparison of interferon (IFN}-stim-
ulated gene (ISG) expression induced by IFN.

The table is available in its entirety in the online
edition of the Journal of Infectious Diseases.
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SWEEP analysis, nonspecific genes or genes with errors were
eliminated by the PART method. The 32 genes screened by
PART are shown in figure 3. Topoisomerase (DNA) I (TOP1)
and interleukin 2 receptor § (IL2RB) were up-regulated in the
CR group, hemoglobin yvG (HBG2) and monocyte chemotactic
protein were up-regulated in the BR group, and chemokine
(C-C motif) ligand 4 and ras-related C3 botulinum toxin sub-
strate 2 (RAC2) were up-regulated in the NR group. Genes
selected by PART were subjected to the FNN-SWEEP method
to construct a class prediction model. Consequently, we selected
10 gene combinations by the SWEEP operator method for CH-
C class prediction before the start of IFN therapy (table 4). The
most effective gene combination for the prediction of an IFN
response was TOPI; catenin (cadherin-associated protein) 1
(88 kDa); and RAC2. The accuracy of the training and test sets
were high, at 91.0% and 89.1%, respectively.

Changes in gene-expression profiles over the course of IFN
therapy. We next focused on the changes in gene-expression
profiles over the course of IFN therapy and their relationship
with IFN response. Using PART, 86 genes with changes in ex-
pression between before and 2 weeks after the start of IFN
therapy were selected. To investigate the relationship between
the 86 genes with changes due to IFN therapy and the efficacy
of IFN therapy, changes in the expression of the 86 genes were
determined for the CR group. On the basis of self-organiz-
ing maps, changes in gene expression in the CR group were
classified into the following 5 patterns (figure 4): pattern A,
up-regulated 2 weeks after the start of IFN therapy and then
down-regulated after the end of IFN therapy; pattern B, down-
regulated 2 weeks after the start of IFN therapy and then up-
regulated after the end of IFN therapy; pattern C, up-regulated
2 weeks after the start of IFN therapy and also up-regulated
after the end of IFN therapy; pattern D, up-regulated at 2 weeks
after the start of IFN therapy and then returned to normal
after the end of IFN therapy; and pattern E, down-regulated
at 2 weeks after the start of IFN therapy and also down-
regulated after the end of IFN therapy. Patterns A and B rep-
resent gene groups with temporary changes during IFN therapy,
whereas patterns C, D, and E represent gene groups with
changes after the end of IFN therapy and are thought to be
attributable to viral eradication or normalization of hepatic
function. Interestingly, very little change was seen in the pat-
terns for the NR group. Therefore, changes in gene expression
are also useful in predicting therapeutic efficacy. From the 86
genes isolated by PART, the SWEEP operator method was used
to identify 10 gene combinations, and therapeutic efficacy was
predicted according to the FNN-SWEEP method (table 5). The
results showed that the accuracy for gene combinations 7, 8,
and 9 was high, at 90.2%. LOOCYV confirmed the high accuracy
(87.9%) of prediction using these gene combinations. These
combinations included the following genes that are important

for predicting therapeutic efficacy: CDC20 was classified as be-
longing to pattern A; cyclin G1 and differentiation 6 were as
belonging to pattern B; and MIHC and apoptosis inhibitor 1
were as belonging to pattern E (figure 4).

IFN and ribavirin combination therapy. We then inves-
tigated the usefulness of the above-mentioned genes in pre-
dicting the efficacy of IFN and ribavirin combination therapy.
It has been shown that concurrent ribavirin administration
improves the rate of CR. In addition, the changes in gene
expression during combination therapy are due not only to
IFN but also to ribavirin. Thus, the results for monother-
apy may not be applicable to combination therapy. However,
changes in the expression of several genes—CD2 antigen (p50),
IL2RB, HBG2, myeloid cell nuclear differentiation antigen
(MNDA), and STAT]—were shown to be extremely useful for
distinguishing CR from NR in IFN and ribavirin combination
therapy (tables 4 and 5).

DISCUSSION

HCV load, genotype, and fibrosis have been listed as factors
that influence the effectiveness of IFN therapy [4, 5], but these
factors are not sufficient, and other predictive factors are
needed. Unlike liver-biopsy specimens, PBMCs can be easily
collected, and collection can be repeated as necessary. We an-
alyzed the gene-expression profiles of PBMCs in patients with
CH-C by use of cDNA microarrays under the hypothesis that
gene expression in PBMCs is indicative of IFN efficacy and
CH-C disease state. In addition, changes in the gene-expression
profiles of PBMCs were analyzed during the course of IFN
therapy to clarify the relationship between gene-expression pro-
files of PBMCs and IFN response.

Interestingly, the gene-expression profiles of PBMCs from
patients with CH-C and from healthy volunteers were different,
and this was confirmed by hierarchical clustering analysis and
supervised learning analysis using support vector machine.
When patients with CH-C and healthy volunteers were com-
pared, gene expression in the JAK-STAT cascade, humoral im-
mune response, and G protein—coupled receptor protein sig-
naling pathway differed markedly. In most patients with CH-C,
expression of these genes is activated, and HCV infection is
thought to bring about changes in the gene expression in
PBMCs. Several chemokine- and cytokine-related genes, such
as CCR2 and IL7R, were down-regulated. Although the reason
for this was not clear, expression of these genes in liver-infil-
trating lymphocytes was up-regulated. Therefore, the down-
regulation of immune-related genes may represent increased
levels of liver-infiltrating lymphocytes accompanying hepatitis.
Interestingly, when the chronological changes in PBMC gene-
expression profiles were analyzed for the CR group, the profiles
at 6 months after the end of therapy were similar to those of
healthy volunteers. Therefore, the changes in gene-expression
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profiles before IFN therapy were due to HCV infection. On the
other hand, the gene-expression profiles of the NR group before
IEN therapy were similar to those at 6 months after the end
of IFN therapy (figure 2A).

Unfortunately, it was not possible to differentiate between
CR, BR, and NR patients on the basis of gene-expression pro-
files of PBMCs by use of nonsupervised learning methods, such
as hierarchical clustering, before IFN therapy. Therefore, we
used FNN theory for CH-C class prediction. The most attractive
feature of FNN is that causality between input and output
variables can be described very accurately as explicit if-then
roles obtained from the constructed model. For the purpose
of analyzing numerous genes in a short time, FNN combined
with the SWEEP operator method was developed (FNN-
SWEEP method) and has been shown to be a precise, simple
tool for predicting patient survival on the basis of microarray
data (28, 29]. In addition, by first filtering genes by use of
PART, the accuracy of the FNN-SWEEP method was further
increased [30). In the present study, a total of 32 genes were
identified by PART on the basis of genetic changes before ther-
apy, and, in the CR group, expression of genes such as TOPI,
IL2RB, prothymosin « (PTMA), and ADP-ribosyltransferase
was up-regulated, thus indicating active cellular proliferation.
In the NR group, the éxpression of genes indicating activated
cytotoxic T cells—such as granzyme, CD2 antigen, RAC2Z, and
natural killer cell transcript 4—was up-regulated. Because these
genes were up-regulated by IFN therapy in the CR group, they
were thought to be up-regulated before therapy in the NR
group. Lempicki et al. reported elevated expression of endog-
enous IFN/innate immune response genes in PBMCs from NR
patients coinfected with HCV and HIV [31]. This suggests that,
in many NR patients, few immune effector cells are active or
that these effector cells cannot infiltrate the liver and remain
in the peripheral blood.

To further investigate the above-mentioned points, changes
in the gene-expression profiles of PBMCs were determined dur-
ing the course of IFN therapy. On the basis of expression pro-
files before and 2 weeks after the start of IFN therapy, 86 genes
were selected. These genes did not include as many IFN-a~
stimulated genes as were noted in liver [25-27] (table 6), but
they included valuable immune regulatory genes.

On the basis of self-organizing maps, changes in gene ex-
pression in the CR group were then classified into 5 patterns
(figure 4). These gene groups represent genes with temporary
changes due to IFN therapy and those with changes after the
end of IFN therapy. Gene groups with changes after the end
of IFN therapy are thought to be involved in viral eradication
or the normalization of hepatic function. Interestingly, little
change was seen in any of the patterns in the NR group. In
efficacy prediction by the FNN-SWEEP method, the accuracy
for the gene combinations 7, 8, and 9 was high, at 90.2%, thus

suggesting that changes in gene expression 2 weeks after the
start of IFN therapy are also useful in predicting therapeutic
efficacy.

We also investigated whether these genes are useful in pre-
dicting the efficacy of IFN and ribavirin combination therapy.
Changes in gene expression during combination therapy were
due not only to IFN but also to ribavirin, and the results for
monotherapy could not simply be applied to combination ther-
apy. However, changes in the expression of several genes—CD2
antigen (p50), IL2RB, HBG2, MNDA, and STAT1—were shown
to be extremely useful for distinguishing CR from NR in IFN
and ribavirin combination therapy.

Unfortunately, because the number of subjects in the present
study was small, the genes that were identified as predictors for
IFN monotherapy were not necessarily predictors for IFN and
ribavirin combination therapy. However, the present study was
the first to show that responses to IFN therapy could be pre-
dicted on the basis of changes in gene expression by PBMCs,
and further investigations in greater numbers of patients are
required.
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Introduction

Summary

Natural killer (NK) cells have the ability to control dendritic cell (DC)-
mediated T cell responses. However, the precise mechanisms by which
NK receptor-mediated regulation of NK cells determines the magnitude
and direction of DC-mediated T cell responses remain unclear. In the
present study, we applied an in vitro co-culture system to examine the
impact of NK cells cultured with hepatic cells on DC induction of regula-
tory T cells. We found that interaction of NK cells and non-transformed
hepatocytes (which express HLA-E) via the NKG2A inhibitory receptor
resulted in priming of DCs to induce CD4" CD25* T cells with regulatory
properties. NKG2A triggering led to characteristic changes of the cytokine
milieu of co-cultured cells; an increase in the transforming growth factor
(TGF)-B involved in the generation of this specific type of DC, and a
decrease in the tumour necrosis factor-o capable of antagonizing the
effect of TGF-B. The regulatory cells induced by NK cell-primed DCs
exert their suppressive actions through a negative costimulator pro-
grammed death-1 (PD-1) mediated pathway, which differs from freshly
isolated CD4" CD25" T cells. These findings provide new insight into the
role of NK receptor signals in the DC-mediated induction of regulatory
T cells.

. Keywords: NK receptor; regulatory T cell; HLA-E; liver; HCV

roles of PD-1 in CD4* CD25" Treg cell functions remain
elusive.

CD4" CD25* regulatory T (Treg) cells have been identi-
- fied as the main suppressors of immune responses.'”
Although the mechanisms by which CD4" CD25" Treg
cells exert their suppressive actions have not been fully
elucidated, negative costimulatory signals via cytotoxic T
lymphocyte antigen-4 (CTLA-4) or inducible costimulator
(ICOS)-mediated signals, have been suggested to play a
key role in the activation of CD4" CD25* Treg cells.5’
Programmed death-1 (PD-1), another molecule identified
as a negative costimulatory receptor, has also serves as a
negative regulator for effector immune responses.® Recent
reports have demonstrated that PD-1 is expressed in
CD4" CD25" Treg cells, suggesting its potential roles in
the regulation of T cell tolerance.” However, the precise

The mechanisms by which CD4* CD25* Treg cells are
generated have been extensively investigated. Dendritic
cells (DCs), the sentinels between innate and adaptive
immunity, have recently emerged as candidate cells
involved in the differentiation and/or activation of
CD4" CD25% Treg cells.'® Various kinds of factors
have been identified as involved in DC induction of
CD4" CD25" Treg cells. Mouse immature DC promotes
the differentiation of CD4" CD25" Treg cells through the
DEC 205-mediated targeting of self-antigen in the steady
state.'™! The immune regulatory cytokines interleukin
(IL)-10/transforming growth factor (TGF)-B have also
been reported to play important roles in DC generation
and activation of CD4* CD25" Treg cells.'*"*

Abbreviations: CTLA-4, cytotoxic T lymphocyte antigen-4; DC, dendritic cell; ELISA, enzyme-linked immunosorbent assay;
GITR, glucocorticoid-induced TNF receptor; HCV, hepatitis C virus; HLA, human leucocyte antigen; NH, human non-
transformed hepatocyte; NK, natural killer; PD-1, programmed death-1; PDL-1, programmed death ligand 1; PBMC, peripheral

blood mononuclear cell; Treg, regulatory T.

© 2006 Blackwell Publishing Ltd, Immunology. 120, 73-82
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Several lines of evidence have revealed that natural
killer (NK) cell-mediated innate immunity regulates DC
functions to determine the direction and magnitude of
adaptive T cell immunity.'>'® It has also been established
that NK cell function is regulated by positive and negative
signals through their receptor and ligand interactions.'’
We previously reported that, upon exposure to non-
transformed hepatocytes (NHs), IL-2-primed NK cells
negatively regulated DC functions, which appeared
to be dependent on NKG2A inhibitory signals during co-
culture of NK cells and NHs. Immunosuppressive cyto-
kines such as IL-10 and TGF-B, but not direct NK-DC
contact, were responsible for this action.”® However, it
remains unclear whether these NK/hepatocyte co-cultures

can also influence the induction as well as activation of

CD4* CD25" Treg cells.

In the present study, we investigated whether DCs sti-
mulated with the co-culture supernatant of IL-2-prestim-
ulated NK cells and NHs can modulate Treg cell
functions. We found that TGF-f produced from NK cell/
hepatocyte co-culture via NKG2A activation is responsible
for modulating DCs to induce and maintain regulatory
phenotypes and functions of CD4" CD25" Treg cells.
Furthermore, the generated CD4" CD25" Treg cells sup-
pressed T cell activation via interaction between PD-1
and programmed death ligand 1 (PDL-1). These findings
‘represent new evidence that NK receptor-mediated modu-

lation of NK cells may dictate DC-induced adaptive

immunity toward an immunogenic or tolerogenic status
via induction of Treg cells.

Materials and methods

Antibodies

Anti-NKG2A monoclonal antibody (mAb) (Z199), PC5-
labelled CD25 mAb or isotype-matched control IgG1 and
IgG2a mAb were purchased from Beckmann-Coulter
(Fullerton, CA). Anti-IL-10, anti-TGF-B, anti-CTLA-4,
anti-GITR (glucocorticoid-induced TNF receptor) and
anti-PD-1 polyclonal Abs were purchased from R & D
Systems (Minneapolis, MN) and phycoerythrin (PE)-
labelled mAb CTLA-4 from BD Biosciences (San Jose,
CA). Anti-HLA-E mAb 3D12 was kindly provided by Dr
E. Geraghty (Fred Hutchinson Cancer Research Institute,
Seattle, WA) and used as reported previously.?! Anti-MIC
mAb 6D4, anti-ULBP1 mAb 3F1 and anti-ULBP2 mAb
DHI1 were kindly provided by Drs T. Spies and V. Groh
(Fred Hutchinson Cancer Research Institute) and used as
reported previously.*?

Human hepatic cells
Human non-transformed hepatocytes (NHs) derived from

mixed heterogeneous donors were purchased from the

74

Applied Cell Biology Research Institute (Kirkland, WA)
and cultured in CS-C complete medium according to the
manufacturer’s instructions.

Isolation of peripheral blood lymphocyte populations

Resting NK cells (CD56* CD3*), naive CD4" T cells
(CD45RA* RO™) or CD8* T cells were isolated from per-
ipheral blood mononuclear cells (PBMCs) with a positive
cell isolation kit according to the manufacturer’s pro-
tocol (Miltenyi Biotec, Bergisch Gladbach, Germany).
CD4" CD25" T cells were further separated from naive
CD4" T cells using anti-CD25 microbeads (Miltenyi
Biotech). Their purity was >90% by flow cytometry.
Informed consent was obtained from all blood donors.

Generation of monocyte-derived DC

Monocytes were isolated by plastic adherence from
PBMCs and cultured in RPMI-1640 supplemented with
granulocyte—macrophage colony stimulating factor (GM-
CSF) (PeproTech, London, UK) and IL-4 (PeproTech).
At day 6, they were stimulated with or without the
co-culture supernatant of NK cells and hepatic cells. At
day 7, non-adherent cells were harvested and used as des-
cribed below.

Stimulation of DCs by co-culture supernatants
of NK cells and hepatic cells

Freshly isolated NK cells were cultured with or without
IL-2 for 24 hr. IL-2-prestimulated or non-stimulated NK
cells were seeded in 24-well plates and then co-cultured
for 24 hr with NHs (1 x 10° cells/well), respectively.
Monocyte-derived DCs were cultured for 24 hr with 1 ml
of the co-culture supernatant of IL-2-prestimulated NK

cells and NHs (NH/IL-2 NK-primed DC). In some

experiments, anti-NKG2A mAb (Z199) or isotype-

matched control Ab was added during the co-cultures

of NK cells and hepatic cells. Z199 mAb was previously

confirmed to block the NKG2A-mediated signal® In

some experiments, the supernatant of NK/hepatic cell co-
cultures was also treated with anti-IL-10 or anti-TGF-B

neutralizing Ab and used for DC stimulation for 24 hr.

In some experiments, tumour necrosis factor (TNF)-a,

TGF-B or both were used for DC stimulation for 24 hr.

Isolation of CD4* CD25" T cells

DCs (1 x 10°) were stimulated for 24 hr with the super-
natant obtained from the co-cultured medium. After
washing three times, DCs were cultured with allogeneic
CD4* T cells for 48 hr; CD4* CD25" fractions were isola-
ted from DC and CD4" co-culture and subjected to fur-
ther analysis. CD4" CD25" fractions were also isolated

© 2006 Blackwell Publishing Ltd, Immunology. 120, 73-82
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from PBMCs and cultured with 1 pg/ml plate-bound
anti-CD3 mAb (UCHT1; Beckmann-Coulter) for 24 hr to
efficiently induce their suppressive properties as described
"previously.” These cells are referred to as natural
CD4* CD25" T cells.

Flow cytometry

The expression of NK inhibitory ligands (human leuco-
cyte antigen, HLA, class I, HLA-E) was examined on NHs
by using w6/32 or 3DI12, respectively. MIC, ULBP1 or

ULBP2 expression on hepatocytes was also evaluated by -

mADb 6D4, 3F1 or DHI, respectively. For CD4* CD25" T
cell staining, the cells were costained with PC5-labelled
CD25 mAb with PE-labelled mAb of CTLA-4, GITR or
PD-1 polyclonal Ab. The cells were analysed by flow
cytometry using a fluorescence-activated cell sorter
(FACScan) system, and data analysis was performed using
CELLQUEST software.

Measurements of cytokine production in culture
supernatant

The culture supernatants of interferon (IFN)-y, TNF-a,
IL-10 and TGF-p were examined using enzyme-linked
immunosorbent assay (ELISA) kits according to the man-
ufacturers’ instructions (IFN-y, TNF-a and IL-10, Endo-
gen, Tokyo, Japan; TGF-B, R & D Systems).

Analysis of Foxp3 mRNA expression

Polymerase chain reaction (PCR) analysis was performed
to determine Foxp3 mRNA expression of CD4™ T cells
using a commercial PCR panel according to the manufac-
turer’s instructions (Gibco BRL, Rockville, MD). The fol-
lowing primers were used: 5-CCCACTTACAGGCACT
CCTC-3' (forward) and 5-CTTCTCCTTCTCCAGCAC
CA-3' (reverse).** Amplification was carried out for 35
cycles of 20 seconds at 95° 20 seconds at 58 ° and
30 seconds at 72°. As a control for the integrity of
mRNA, primers specific for GAPDH (glyceraldehyde
3-phosphate dehydrogenase) were used as follows:
5'-GCCACCCAGAAGACTGTGGATGGC-3' (forward) and
5_CATGTAGGCCATGAGGTCCACCAC-3' (reverse). The
PCR products were analysed by ethidium bromide-stained
1-5% agarose gel electrophoresis.

Analysis of CD4* CD25" T cell suppressor functions

DCs (5 x 10*well) were cultured with allogeneic CD4*
T cells (5 x 10°/well) for 48 hr, after which CD4" CD25*
T cells were isolated from the co-cultured cells.
CD4* CD25™ T cells were freshly isolated from the same
donors and activated with 1 pg/ml plate-bound anti-
CD3 mAb in the presence or absence of autologous

© 2006 Blackwell Publishing Ltd, Immunology, 120, 73-82
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CD4* CD25" T cells for 48 hr. The ability of CD4"
CD25" T cells to suppress proliferation and IFN-y pro-
duction of activated CD4* CD25™ T cells was determined
by [*H]thymidine incorporation and ELISA assay, res-
pectively. To further examine the mechanisms of CD4"
CD25" T cell suppressive actions, neutralizing Ab of
IL-10 or TGF-B, anti-CTLA-4, anti-GITR or anti-PD-1
was added at the beginning of CD4* CD25* T cell and
CD4" CD25™ T cell co-cultures.

Statistical analysis

Comparisons between groups were analysed by t-test with
Welch’s correction or aNova for experiments with more
than two subgroups. Differences were considered signifi-
cant when the P-value was <0-05.

Results

IL-2-primed NK cells upon exposure to
NH-modulated DCs on the induction of regulatory
CD4* CD25" T cells

Natural CD4" CD25" T cells from human peripheral
blood lymphocytes (PBLs) expressed CTLA-4 and GITR,
both of which have been identified as regulatory mark-
ers,>? but did not express PD-1 (Fig. la). To examine
whether DCs can modulate the expression of these regula-
tory markers on CD4" CD25* T cells, we stimulated
monocyte-derived DCs for 24 hr, either by the culture
supernatant of IL-2-stimulated NK cells (IL-2 NK) or by
the co-culture supernatant of NH/IL-2 NK. After washing,
the resulting DCs were cultured for 48 hr with CD4* T
cells isolated from allogeneic donors. CD4* CD25" T cells
were isolated from the DC and CD4" T cell co-culture
and subjected to analysis for regulatory markers. The
expression levels of CTLA-4 and GITR decreased on
CD4* CD25" T cells after stimulation of IL-2 NK-primed
DCs (Fig. 1b). By contrast, CD4" CD25" T cells stimula-
ted with NH/IL-2 NK-primed DCs remained positive for
CTLA-4 and GITR on their surface. Of note is the finding
that PD-1 was induced on these cells, showing their
phenotypic properties to differ from natural CD4* CD25*

T cells (Fig. 1b, c). The induction of PD-1 on CD4*

CD25" T cells was further confirmed when IL-2NK/
NH-primed DCs from different donors were used as
stimulators (Fig. 1d). The supernatant of NH without
NK cells had little effect on phenotypic changes of
CD4" CD25" T cells by DCs (data not shown).

The forkhead transcription factor Foxp3 has been
recently identified as a master gene for defining Treg
cells.”® We therefore performed reverse transcription-PCR
(RT-PCR) analysis of CD4" T cells to evaluate the mRNA
expression of Foxp3. Foxp3 expression was detected in
natural CD4* CD25" T cells. When CD4* T cells were
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Figure 1. Human non-transformed hepatocyte (NH) modulation of activated natural killer (NK) cells endows dendritic cells (DCs) with the
ability to induce CD4* CD25" regulatory T cells. (a) Freshly isolated CD4" CD25" T cells were cultured in the presence of plate-bound anti-CD3
antibody (Ab) for 24 hr, and then subjected to flow cytometry to examine their expression of cytotoxic T lymphocyte antigen-4 (CTLA-4), gluco-
corticoid-induced TNF receptor (GITR) and programmed death-1 (PD-1) (closed histograms). Open histograms represent the staining of control
Ab. Numbers on the upper right indicate the mean fluorescence intensity (MFI) of each type of stained cells. (b) NK cells were preactivated with
50 ng/m! interleukin (IL)-2, and co-cultured in the absence (IL-2 NK) or presence (IL-2 NK/NH) of NHs at a ratio of 1 : 1 for 24 hr. DCs
(1 x 10°) were stimulated for 24 hr with the supernatant obtained from the co-cultured medium. After washing three times, DCs were cultured
with allogeneic CD4" T cells for 48 hr. CD4* CD25" fractions were isolated from the DC/CD4" T co-culture and subjected to flow cytometry for
expression of CTLA-4, GITR or PD-1 (closed histograms). Open histograms show isotype control staining. Numbers on the upper right indicate
the MFI of each type of stained cell. (c) All experiments in (a) and (b) were performed three times and the composite results with statistical ana-
lysis are shown as the MFI of the staining cells. *P < 0-05 vs. responses of IL-2 NK/NH group. The experiment was performed with a different
set of donors and similar results were obtained. (d) PD-1 expression on CD4" CD25" T cells stimulated with allogeneic DCs from three different
donors, shown as the MFL (e) CD4* CD25" T cells were prepared as described above. The mRNA expression of Foxp3 and GAPDH (glyceralde-
hyde 3-phosphate dehydrogenase) was examined by reverse transcription-polymerase chain reaction (RT-PCR). (f) CD4* CD25" fractions were V
isolated from DC/CD4" T cell co-cultures. Different numbers of these CD4" CD25* T cells were co-cultured with freshly isolated autologous
CD4* CD25" T cells (1 x 10°/well) in the presence of plate-bound anti-CD3 Ab (CD4* CD25'/CD4* CD257). The anti-CD3 Ab-activated
CD4" CD25™ T cells alone were used as a positive control (CD4" CD257). IFN-y was measured for each supernatant obtained after 48 hr of
co-culture by enzyme-linked immunosorbent assay. *P < 0-05.
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stimulated with IL-2 NK-primed DCs for 24 hr, Foxp3
was not expressed on CD4* CD25" T cells. By contrast,
they dominantly transcribed Foxp3 at levels comparable
with those of natural CD4* CD25% T cells when stimu-
lated with NH/IL-2 NK-primed DCs (Fig. le). Taken
together, CD4* CD25* T cells, when stimulated by NH/
IL-2 NK-primed DCs, maintained regulatory phenotypes
such as CTLA-4, GITR and Foxp3, and properties distinct
from those of natural CD4" CD25" Treg cells in terms of
PD-1 expression. '

"CD4" CD25" T cells on stimulation of NH/IL-2
NK-primed DC suppressed effector cell functions

‘We next analysed the functions of CD4* CD25* T cells
stimulated by NH/IL-2 NK-primed DC. CD4* CD25* T
cells were co-cultured for 72 hr with CD4* CD25™ T cells
freshly isolated from the same donors. During the co-
cultures, CD4* CD25™ T cells were stimulated with plate-
bound anti-CD3 Ab. The CD4" CD25" T cells induced
“by NH/IL-2 - NK-primed DCs dose-dependently sup-
pressed the proliferation of co-cultured cells, whereas
those induced by IL-2 NK-primed DC did not (data not
shown). CD4" CD25" T cells induced by NH/IL-2 NK-
primed DCs also dose-dependently inhibited IFN-y pro-
duction of the co-cultured cells, by contrast with those
induced by IL-2 NK-primed DCs (Fig. 1f). The suppres-
sive activities of these CD4" CD25" Treg cells were sim-
ilar to those of natural CD4™ CD25" Treg cells (data not
shown). These results demonstrate that CD4* CD25* T
cells induced by NH/IL-2 NK-primed DCs exert suppres-
sive actions to effector cell functions, consistent with
their expression of regulatory markers. Taken together,
these results indicated that NK cell modulation of DCs
leads to the CD4* CD25" Treg cell-mediated suppre-
ssion of effector cell responses when NK cells encounter
hepatocytes.

NKG2A signal of NK cells is responsible for the
modulation of DCs to activate CD4* CD25" Treg
cells :

We examined the expression of various ligands for NK
cell receptors on NHs. NHs expressed HLA-E, the ligand
of NKG2A, but did not express NKG2D receptor ligands,
MIC and ULBP1-2 (Fig. 2a). Given our previous findings
that NHs negatively regulated IL-2 NK-mediated modula-
tion of DC functions through the interaction of the
NKG2A inhibitory receptor and its ligand HLA-E,*® we
evaluated the role of these receptor signals in the induc-
tion of CD4" CD25" Treg cells by DCs. When anti-
NKG2A Ab was added during the co-culture of NH and
JL-2 NK and DCs were stimulated with the resultant
supernatant, the expression of CTLA-4, GITR and PD-1
was diminished on CD4" CD25" T cells (Fig. 2b, c).

© 2006 Blackwell Publishing Ltd, Immunology, 120, 73-82
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NKG2A blockade also suppressed PD-1 expression on
CD4" CD25" T cells stimulated with IL-2NK/NH-primed
DCs from three different donors (Fig. 2d). The anti-
NKG2A neutralizing Ab treatment also abrogated Foxp3
expression in CD4" CD25" Treg cells (Fig. 2¢). Moreover,
the blockade of NKG2A signals during NH and IL-2 NK

‘co-cultures resulted in inhibition of the DC ability to

induce CD4* CD25% T cells with regulatory functions;
these CD4* CD25" T cells did not suppress proliferation
or IFN-y production (Fig. 2f and data not shown) of
CD4* CD25 T cells. Altogether, the activation of NKG2A
inhibitory signals during NK cell and hepatocyte interac-
tion was required for the DC induction of CD4* CD25*
T cells with regulatory phenotypes and functions.

Change of cytokine milieu, triggered by NKG2A
signals, plays a critical role in DC-mediated induction
of CD4* CD25" Treg cells

TNF-a has been well known as a critical factor for NK
cell-mediated maturation of DCs.?’ By contrast, IL-10
and TGF-B are known to act as suppressive factors of
effector immune responses, and their roles in modulating
DCs for Treg cell induction has recently been valid-
ated.””"* These findings led us to evaluate the change
in cytokine production patterns in NH and IL-2 NK co-
cultures in the presence or absence of anti-NKG2A Ab.
ELISA data showed that the production of IFN-y and
TNF-a from NH and IL-2 NK co-cultures were substan-

tially increased in the presence of anti-NKG2A Ab. By

contrast, the addition of NKG2A masking Ab during the
co-culture resulted in the marked reduction of IL-10 and
TGF-8 from co-cultured cells (Fig. 3a).

We next examined whether these changes of cytokine
profiles were responsible for the DC induction of the
CD4* CD25" Treg cells. For this purpose, the NH and
IL-2 NK co-culture supernatant was treated with neutral-
izing Ab of IL-10 or TGF-B before DC stimulation,
and suppressive activity was evaluated by analysing
CD4" CD25" T cells obtained from CD4* and DC mix-
tures. The neutralization of IL-10 did not reverse the
suppressive actions of CD4* CD25" Treg cells, but the
blockade of TGF-B led to reversal of CD4* CD25" Treg
cell activities (Fig. 3b). :

We directly examined the effect of TGF-B on the
modulation of DC ability to induce CD4* CD25* Treg
cells. TGF-B endowed DCs with the ability to induce
CD4" CD25" Treg cells. TNF-a inhibited TGF-B-medi-
ated DC induction of CD4" CD25* Treg cells (Fig. 3c).
By contrast, IFN-y had little effect on the modulation of

- DC by TGF-B (data not shown). Taken together, these

results strongly suggest that increased - TGF-f and
decreased TNF-u production, the change of cytokine pro-
files mediated by the NKG2A signals, are involved in
DC-mediated CD4* CD25" Treg cell induction.
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