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SUMMARY

We made three different lines of hepatitis B virus (HBV) transgenic mice which express different
amounts of hepatitis B e antigen (HBeAg) and/or hepatitis B core antigen (HBcAg) to analyse the
cellular mechanisms of HBcAg specific T-cell tolerance. BSlO (official designation, 1.2HB-BSI0)
transgenic mice, which contain the whole H BV genome, express relatively high amounts ofH BeAg in

the serum and HBcAg in the liver. SPC mice, which contain hepatitis B virus core and precore gene,

express small amounts of HBeAg in the serum but not HBcAg in the liver. SC33 mice, which contain
only hepatitis B core gene, do not express HBeAg in the serum but express HBcAg in the liver. BS10
mice showed a very low anti-HBc antibody response after primary and secondary immunizations

with recombinant HBcAg compared to transgenic host C57BL/6 (B6) mice. SPC mice showed an

almost equal level of anti-HBc antibody response compared to B6 mice. SC33 mice contained anti-

H Bc antibody even before immunization and showed high titres of anti-H Bc antibody response after
immunization with H BcAg. Analysis of cellular site(s) of low responsiveness of BS10 mice revealed
that proliferating and helper T cells are specifically tolerant to HBcAg. B cells and antigen-presenting
cells in BS 10 mice were not defective. SC33, SPC and BS10 mice differ a little in their developmental
expression of HBc/HBeAg. Our results suggest critical roles of the nature (circulating versus non-

circulating) as well as the time of expression of self-antigens in T-cell tolerance.

INTRODUCTION

The immune system acquired the ability to respond to and battle
against myriads of environmental foreign antigens by preparing
diverse lymphocyte clones during development. In spite of
enormous diversity created by random assortment ofVDJ or VJ
segments in the T-cell receptor genes (reviewed in ref. 1), clones
which react against self-component are deleted and/or inacti-
vated to avoid anti-self immune responses.2 This is a state called
self-tolerance. The mechanism of self-tolerance is one of the
central questions in modern immunology and is under intensive
investigation in many laboratories. A recent technological
advance. to create transgenic mice by injecting foreign genes
into fertilized eggs, has offered one of the ideal experimental
strategies to investigate the mechanism of self-tolerance against
circulating and/or tissue-specific antigens since such introduced
gene products exist from the very early developmental stage.
These studies provided supportive evidence for central clonal
deletion3 4 as well as peripheral inactivation 56 of self-reactive T-
lymphocyte clones.

Recently, Araki et al.7', made C57BL//6 transgenic mice
which contain the whole hepatitis B virus genome to analyse the

Correspondencc: Dr M. Kimoto, Dept. of Irmmunology. Saga
Medical School. Nabeshiima Saga 849, Japan.

mechanism of the pathogenesis of immune-mediated viral
hepatitis. Preliminary experiments revealed that this strain of
HBV transgenic mice showed reduced T-cell proliferative
response to hepatitis B core antigen (HBcAg), suggesting the
acquisition of T-cell tolerance to HBcAg. This line of HBV
transgenic mice seems to offer a unique situation for the effects
of circulating versus non-circulating self-antigens on the T-cell
tolerance induction since it expresses both circulating hepatitis
B e (H Be) and non-circulating hepatitis B core (H Bc) transgene
products. Although HBe and HBc antigens are serologically
distinct,2"' the primary amino acid sequences show significant
identity and are highly cross-reactive at the helper T-cell level"
and the dominant T-cell sites in BIO (H-2b) mice were reported
to reside in p120-140 peptide which is shared between HBe and
H BcAg. ' 2 To analyse the effects of circulating and non-
circulating antigens on tolerance induction at the T-cell level, we
made two additional lines of HBV transgenic mice (SPC and
SC33) with different transgene constructs. SPC transgenic mice,
which contain HBV core and precore gene, express circulating
hepatitis B e antigen (HBeAg) in the serum but little HBcAg in
the liver. SC33 transgenic mice, which contain only the HBc
gene but no precore gene, do not express circulating HBeAg but
contain H BcAg in the liver. In these two lines of transgenicnmice,
we used serum amyloid P (SAP) component gene promoter to
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Figure 1. DNA constructs used for production of transgenic mice. (a) The HBV genome was derived from the plasmid pBRHBadr4.'5
The 1 .2HB-BSIO (BSI0) DNA7 carries one full length ofHBV (BarnHI fragment) plus a 619 base pair (bp) overlapping region (BamnHI/
Stul fragment). The coding region of HBsAg, HBcAg, HBVx, precore and polymerase are displayed with hatched arrows marked S, C,
and X, an open box marked PC, and a striped arrow marked P. respectively. (b, c) The SAP promoter (HindIII/AirII fragment, 0 6

kb) and the SAP poly A signal (PRstllHindl II fragment 0 9 kb) were derived from a genomic DNA clone of the human SAP gene. 16 The
A rl I site and the Pstl site are located 14 bp upstream from the start codon and 40 bp upstream from the poly A signal, respectively. The
SPC (b) and SC33 (c) were constructed by inserting the HBV DNA fragments (1642-2733) and (1783-2733) between the SAP promoter
and poly A signal, respectively. The former contains the complete precore (PC) plus core open reading frame (ORF) (b), and the latter
contains only core ORF (c). A, ArtrIl, B, BaniHI E, EcoRI; G, BglII, H, Hind]I[; P. PsI; Pv, PruII; St, StuI; X, XhoI; Xb, XbaI. The
nucleotide numbers marked along the HBV DNA start at the unique Xhol site.

express viral gene products specifically in the liver' in order to
resemble natural HBV infection in man. Although the time of
developmental expression of HBc transgene products in these
two lines of transgenic mice differ a little from that of BS 10 mice.

analysis of the T-cell response to recombinant HBcAg in these
three lines of transgenic mice may suggest that circulating
HBeAg induces tolerance of' HBcAg reactive T cells while non-

circulating HBcAg induces immunity rather than tolerance to
H BcAg.

MATERIALS AND METHODS

DNA a1/(1 tran1vg'eli(' m111ic
Three lines of HBV transgenic mice, BS10 (oflicial designation
1.2HB-BSI), SC33 and SPC were used. C57BLI6 (B6) mice

(Clea Japan, Inc., Tokyo, Japan) were used as transgenic hosts.
The production and characterization of l.2HB-BSI0 transgenic
mice which contain the complete HBV genome DNA has been
described.7 SC33 mice were produced by microinjecting HBV
core (H Bc) gene ligated with serum amyloid P component (SAP)
cene. SPC mice were made by microinjecting HBV core and
precore gene conjugated with SAP gene. The constructs of
transgenes used for microinjection are described in Fig. 1.

QunItitative anahlt.Siv of'He HBcAg in ti serum andl tile liver
e.xtra( t of tralnl.s(geliei( 1 ve'C
We used a commercially available ELISA kit (Abbot HBe EIA
diagnostic kit; Dainabot, Tokyo) to measure HBe/HBcAg in

diluted transgenic mouse serum and liver extract. This kit
detects both HBeAg and HBcAg. HBeAg with known titre and
purified recombinant HBcAg were used as a standard. To
examine the developmentall expression, livers from transgenic
mice of various developmental stages were frozen and homo-
genized in extraction buffer (150 mM NaCI, 10 mM Na-K
phosphate buffer pH 7-2, 02)V, Triton X- 100, 1 mm phenylmeth-

ylsulphonyl fluoride) at the ratio of 0 1 g tissue/300 jl extraction
buffer. The homogenates were centrifuged at 12,000 g for 10 min
at 4 , and the supernatants were assayed by ELISA.

Antitkenls a(l1 immunlllinationl

Recombinant hepatitis B core antigen (HBcAg) was kindly
provided by Chemo-Sero-Therapeutic Research Institute
(Kumramoto, Japan). This HBcAg produced in yeast was 1O()"0¼
pure by HPLC analysis."7 Keyhole limpet haemocyanin (KLH)
was purchased from Calbiochem-Behring Corp. (La Jolla. CA).
Purified protein derivatives (PPD) ofBCG were purchased from
Japan BCG Inc. (Tokyo. Japan). For primary immunizations,
HBcAg (10 lig) was emulsified in complete Freund's adjuvant
(CFA) and injected i.p. into a group of five mice. The booster
immunization was performed with 10 jig HBcAg in incomplete
Freud's adjuvant (IFA) 21 days after the primary immuniza-

tion. Mice were bled from tail 4, 7 and 14 days after primary and
booster immunizations. Anti-HBc antibody titre in the serum

was assayed by ELISA.

As.sva Un11tigeli- speeifl T-cell prolifeiration
Antigen-specific T-cell proliferation was performed as described
previously"X with slight modifications. Briefly, 50 ji of HBcAg
(300 jig/ml) or KLH (2 mg/mIl) emulsified in CFA was injected
into mice at the base of tail. Seven days later, draining inguinal
and para-aortic lymph nodes were removed and single-cell
suspensions made in Hanks' balanced salt solution (HBSS)
(Gibco. Grand Island, NY). After washing with HBSS once,

lymph node (LN) cells were suspended in RPMI-1640 (Gibco)
supplemented with 10%, horse serum (Gibco), 2-mercaptoetha-
nol (5 x 10 5 M), HEPES (I0 mM), penicillin (100 U/ml) and
streptomycin (100 jig/ml) (HOS medium). 6 x 105 cells were

cultured in 0 2 ml horse serum (HOS) medium with varying
concentrations of antigen in a 96-well microtitre plate (Falcon
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no. 3075, Becton-Dickinson, Lincoln, NJ) for 5 days. Triplicate
cultures were pulsed for the final 16 hr with I pCi of [3H]TdR
(ICN Biomedicals, Costa Mesa, CA). Proliferative responses
were measured by the uptake of [3H]TdR and expressed as a
mean c.p.m. + SD.

(C/l Sep(arationl
Purified B cells were obtained from spleen cells by treatment
with monoclonal anti-Thy-1.2 antibody (F7D5, obtained from
Serotec Ltd. Bicester, Oxon, U.K.) and rabbit complement
(Cedarlane Laboratories, Ltd. Ontario, Canada). Purified T
cells were obtained from inguinal and para-aortic LN cells of
mice which were immunized with H BcAg at the base of the tail 7
days previously. Cells were incubated with appropriate amounts
of rat anti-mouse IgM monoclonal antibody (Bet-2. obtained
from ATCC) on ice. After 30 min. cells were washed three times
with HBSS and incubated with sheep anti-rat IgG coated
immunomagnetic beads (Dynal Inc., NY) at a ratio of' I cell to
40 beads with constant rotation at 4 for I hr. Cells nonadherent
to beads were separated by magnet, washed three times and used
for experiments. Purity was checked by flow cytometric analysis
using FACScan (Becton-Dickinson Inc.) and each lymphocyte
population was more than 97'!, pure by staining with specific
monoclonal] antibody.

In vitro culture fi HBc antibhod pro(luction
HBcAg specific T-cell lines were produced and assayed accord-
ing to the method as described previously'9 with slight modifica-
lions. Purified LN T cells were prepared as described above from
mice immunized with HBcAg in CFA at the base of the tail 7
days previously. For in ritro antibody production. I x I0O spleen
cells or splenic B cells were cultured with 3 x 103 H BcAg specific
T-cell lines (for assay of B-cell tolerance) or I x 106 purified LN
T cells from immunized mice (for assay of helper T cell activity)
in the presence of varying amounts of HBcAg in 2 ml foet'al calf
serum (FCS) culture medium in a 24-well culture plate (Falcon
no. 3047). After 2 days, cells were harvested, washed three times
with HBSS to remove antigen, resuspended in I ml culture
medium and incubated in a 24-well culture plate for 5 days.
Supernatants from triplicate cultures were harvested and
assayed for anti-HBc antibody by ELISA.

ELISA assaYl'-ran'ti-HBc antibohl
A 96-well plate (Falcon no. 3915) was coated with HBcAg (10
pgg ml) for 1 hr at room temperature. The wells were blocked
with 0 1'S, bovine serum albumin (BSA) in phosphate-buffered
serum (PBS), pH 7 2. Fifty microlitres of culture supernatants
or appropriately diluted sera were added to each well and
incubated for 1 hr at room temperature. Unbound materials
were washed with PBS containing 0 1/,% Tween 20. Plates were
reacted with alkaline-phosphatase conjugated goat anti-mouse
IgG+IgM (H+L) (Kirkegaard & Perry Laboratories Inc..
Gaithersburg, MD), followed by the reaction with p-nitrophe-
nyl phosphate solution. The amount of anti-HBc antibody
bound was measured by colorimetric analysis using Titertek
Multiscan spectrometer (EFLAB. Helsinki. Finland) at OD405.
The results were converted to arbitrary units by comparison
with standard anti-HBc serum.

RESULTS

Expression of HBe/HBc antigen in the serum and liver in
transgenic mice

The expression of HBe/HBc antigen in three different lines of
adult transgenic mice was examined. As shown in Fig. 2, BSJO
transgenic mice contain relatively high amounts of HBeAg in
the serum and H BcAg in the liver extracts. SPC transgenic mice
contain small amounts (about 45 ng/ml, data not shown) of
HBeAg in the serum but no detectable HBcAg in the liver
extracts whereas SC33 transgenic mice contain HBcAg in the
liver extracts but no HBeAg in the serum. As shown in Fig. 2,
analysis of the developmental expression of HBcAg revealed
that H BeAg was already detected in sera from BS 10 mice from I
day after birth and reached the adult level at 2-3 weeks of age.
The HBcAg in BSIO liver extract was detected 2 days before
birth and reached adult level at about 10 days after birth. The
H BcAg in SC33 liver extracts was detected 2 days after birth and
reached the adult level at I week. The amount of adult SC33
mouse liver HBcAg was about 10 times less than that of BS10
mouse.

In riivo antibody production of transgenic mice

To examine the ability of transgenic mice to produce anti-HBc
antibody upon immunization with HBcAg, a group of five mice
was immunized i.p. with 10 pig of HBcAg in CFA. Three weeks
later, mice were boosted with 10 pg ofHBcAg in IFA. They were
bled 4. 7 and 14 days after the primary and the booster
immunization. Sera were pooled and anti-HBc antibody titre
assayed by ELISA. As shown in Fig. 3, B6, SC33 and SPC mice
showed good antibody production in response to primary and
secondary immunizations. BSIO mice, however, showed poor
antibody responses even after the booster immunization. This
indicates that BSIO mice are tolerant to HBcAg. SC33 mice
contain anti-HBc antibody in the serum even before immuniza-
tion. This indicates that HBc transgene products, although not
secreted in the circulation, sensitized SC33 mice in t1voj (see
Discussion).

H Bc-specific antibody production by B cells from transgenic mice

In order to examine whether the low responsiveness of BS10
mice to HBcAg is due to B-cell tolerance, the ability of B cells
from transgenic mice to produce anti-HBc antibody was
examined. HBcAg-specific T-cell lines derived from B6 mice
were used as a source of helper T cells. These T-cell lines are
H BcAg specific and I-Ah restricted since they respond to H BcAg
but not to unrelated antigen, KLH or HTLV-I (a kind gift from
Eizai Pharmaceutical Co., Tokyo, Japan) and are blocked by
anti-A/3` and anti-Ao6 monoclonal antibodies (data not shown).
Anti-Thy-I.2 antibody plus complement-treated spleen cells
from B6 and transgenic mice were cultured with H BcAg-specific
T-cell lines in the presence of HBcAg for 2 days. Cells were
harvested and washed to remove HBcAg and recultured for 5
days. Anti-HBc-specific antibody in the culture supernatants
was measured by ELISA. As shown in Fig. 4, there was no
substantial difference of antibody titre between B6 and trans-
genic spleen B-cell cultures. This result indicates that B cells in
BSIO mice are not tolerant to HBcAg. SC33 B cells produced
high amounts of anti-HBc antibody by stimulation with T cells
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Figure 2. Developmental expression of HBc/HBeAg in BSIO and SC33 mice. (a) Developmental expression of HBcAg in prenatal mice
of BS 10. Fertilized eggs of BS 10 mice obtained by in vitro fertilization were transferred into pseudopregnant foster mothers, which were
killed at different days of gestation. The foetuses were examined whether they carried transgene or not by polymerase chain reaction,
and the livers from transgene positive foetuses were collected. The liver extracts were prepared and assayed as described in Materials
and Methods. (b) Change of HBe/HBcAg titre in the serum (0) and the liver extract (0) of BSlO mice. Each point represents a
measurement of a pooled sample of three mice. (c) Developmental expression of HBcAg in prenatal mice of SC33. Measurement of
HBcAg as described in (a). (d) Change of HBe/HBcAg titre in the liver extract of SC33 mice. Each value was an average of three to five
mice. In both BSIO and SC33, the HBe/HBcAg levels reached that of adult mice by 16 days of age.
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Figure 3. In riho anti-H Bc antibody production. A group of five mice was
immunized with 10 pug HBcAg in CFA on Day 0(J) and boosted with 10

jug HBcAg in IFA on Day 21(1). B6 ( Dl ), BSIO ( - --- - -), SCP
(- 0-) and SC33 (- -0- -) mice were bled on Days 4, 7 and 14 after
the primary and the secondary immunizations and pooled sera were

assayed for anti-HBc antibody titre using ELISA. The antibody titre in
the serum is expressed in arbitrary units by comparison with standard
anti-HBc antiserum.
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Figure 4. Anti-HBc antibody production by transgenic spleen B cells.
I x 107 purified B cells from B6 ( ), BSI0 (- -). SPC
(- - 0 -) and SC33 (- ---- -) mice were cultured with 3 x 103 HBcAg
specific T-cell lines and stimulated with varying concentrations of
HBcAg. After culture for 2 days, cells were washed and recultured for 5
days. Anti-HBc antibody titre in the culture supernatants was assayed
by ELISA.
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Figure 5. Antigen-presenting activity of transgenic spleen cells. I x 104
HBcAg specific T-cell lines were stimulated with HBcAg in the presence

of x 106 irradiated (33 Gy) spleen cells from B6 ( ), BSlO
(- 0*-- ), SPC ( ) and SC33 ( * ) mice as antigen-
presenting cells for 2 days. Proliferative responses were assayed by the
uptake of [3H]TdR for the final 16 hr.

and I jig,/ml of HBcAg. This might reflect the existence of ill viro
activated HBc-specific B cells in SC33 mice.

Antigen presentation by HBc transgenic mouse spleen cells

To evaluate the activity of antigen presentation of transgenic
mice, 1 x 1(0 HBcAg-specific T-cell lines were stimulated with
HBcAg in the presence of irradiated (33 Gy) spleen cells from
B6, BSIO, SC33 and SPC mice as antigen-presenting cells
(APC). As shown in Fig. 5, T-cell lines showed almost equal
proliferative responses against HBcAg plus APC from these
strains of mice over a wide range of antigen concentrations.
These results suggest that there is no defect of antigen-
presenting activity in these transgenic mice. None of the
transgenic APC stimulated T-cell lines in the absence of
exogenous HBcAg. This indicates that circulating HBeAg in

transgenic mice does not make enough Ag/MHC class 11
complex to stimulate specific T cells.

HBcAg-specific T-cell proliferation of HBc transgenic mice

In order to know whether T cells of transgenic mice are tolerant
to HBcAg, a group of five mice were immunized with HBcAg in

CFA at the base of tail. Seven days later, cells from draining
lymph nodes were stimulated with HBcAg in 1itro for 5 days. As
shown in Fig. 6, LN cells from BSIO mice showed poor
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Figure 6. Antigen-specific T-cell proliferation assay of transgenic mice.
A group of five mice was immunized with 10 jug ofHBcAg in CFA at the
base of tail. After 7 days, 6 x 105 inguinal and para-aortic LN cells from
B6 ( UE-), BSlO ( -E----), SPC (- O- ) and SC33 (- -0

mice were stimulated with varying concentrations ofHBcAg or 50 pg/mI
PPD for 5 days. Another group of five B6 (U) and BSlO (-) mice were

immunized with 10 jig of KLH in CFA at the base of tail and LN cells
were stimulated with 50 ig/ml KLH for 5 days. Proliferative responses

were assayed by the uptake of [3H]TdR for the final 16 hr.

proliferative responses over a wide range of HBcAg concentra-
tions compared to control B6 LN cells. SPC mouse LN cells
consistently showed slightly decreased proliferative responses

compared to B6 mouse LN cells in every experiment repeated
more than six times. LN cells from SC33 mice showed similar
proliferative responses compared to B6 LN cells. All the LN cell
preparations showed similar proliferative responses against
PPD, indicating that low responsiveness of BSIO LN cells was
not due to the lack of appropriate immunizations. When
immunized with KLH, LN cells from B6 and BSIO mice showed
a similar degree of proliferation against KLH (Fig. 6). The
proliferating cells were shown to be T cells by immunofluor-
esence analysis (data not shown). These results suggest that T
cells of BSJO transgenic mice are specifically tolerant to HBcAg.
SPC and SC33 T cells are not tolerant to HBcAg in spite of the
fact that they contain HBeAg in the serum or HBcAg in the liver
extracts. Non-immunized LN cells from these transgenic mice
did not show any proliferative responses against HBcAg in vitro
(data not shown).

T-cell tolerance in BSIO mice is not due to active suppression

To examine whether the T-cell tolerance observed in BSIO mice
is due to active suppression, cell-mixing experiments were

performed. HBcAg primed LN cells from BSIO and B6 mice

were mixed at varying ratios and stimulated with HBcAg in
vitro. As shown in Fig. 7, the proliferative response of B6 LN
cells to HBcAg stimulation was not suppressed by adding BSIO
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Assay of helper T-cell activity

To examiine the helper T-ccll Iactivity of' tr-,ansoclnic mice., B6 or

tralnlznllc miice were'1'immun11llizcd with HBcAg aIt the base olftail
and draining LN cells were obtaincd 7 datys laltcr. Cells werc

CuIltUred wvith pur-ified splcnic 13 cells fr'omi B6 mIlce which were

immunlized with H lcAg weeks pIrCeviouIsly. Cultue-Cs weCrC
stimlulated with v'bvIryinLY am1lloun.tS oflH BcA, for 2 dayN s. wv.ashcd.
and rCcultu-red for 5 days. Anti-HiBc antibody titr'C in the CuIlture
SuIpCernatInlltS w1as assaycd by LLISA. As shown in lie. 8. no

helper Iactivity wLas obt~aincd from-I BSI(0imousc LN cells. SPC
and SC33 LN cells showed good helper activity Ias control B6
LN cells. This r-Csult SrteecStS th~at BS1O helper T cells arc

toleraint to HBcAg.
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We ha1.ve ainlalyscd the HlBcAg-spccific immune1-1C rcsponIscs of

three different lines of H BV tr-LansacniC Mice. These trlanseleniC

micC expres diffetrent concentilations of HlBeAg in the SCI-erum

an1ld HBcA'c in the liver. 13S10 miCce, which contain the whole

H BV gY-enomie. express relatively high concecn-ltr-ations of H BeAg
ill the sCeru-i and HBcAg in the lirC-. SPC micc, which contaill
HBV core land precore genes. express re-liatively lowv concceiti-
tions of H 3cAr ill the sCI-e1111. SC'33 micc, which contcain onl1
HB3V core genes, do not express H cAg at all ill the SCI-eIru but
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Figure 8. Helper activity of trarisgenic LN T cells. A group of five mice

were immun7ized with 10 jig HBcAg in CFA at the base of tail. After 7
days, purified T cells from inguinal and para-aortic LN cells were

obtained by the treatment with anti-lgM mAb (Bet-2) and magnetic
beads to remove B cells. I x l10 purified T cells from B6 ( l ), BSIO
( ). SPC 0 ) and SC33 ( 0 ) mice were cultured

with I x 10&anti-Thy- 1.2 plus C treated spleen cells from B6 mice which
were immunized with HBcAg 2 weeks before. Cultures were stimulated
with varsing concentrations of HBcAg for 2 days, washed to remove

atiltigen and recUltured for 5 days. Anti-HBc antibody titres in the
culture supernatants wxere assayed by ELISA.

express HlBcAg in the liver. HlBcAg and HBeAg are different
aIntigen specificities of the protein p122 encoded by the core gtene.

H BeAg, a 16,000 MW polvpeptide. is a truncated form of p2>2
hich contains somic HBcAe determinants but in serutm these

masked by certain serum proteins bound avidly to the
protein. The precore sequence within the core gene open reading
farame maly affect the core gene-cucoded polypeptides. Ex-
prcssion of the core gene alone can result in the formiation of

IllU1time1Cr iC particles composed of p22> Wvhich may aCCulaUktte
itntra-tCCellUlatry. However, the expression of both core and

precore gene sequences leads to the secretion of the 16,000 MW
polvpeptide with HBeAg specificity. Therefore, the SC33 mice

could not produce H BeAg but there would be intraccIlular
aICCUmUIation oflHBcAg anid the SPC mice may be predicted to

produce HBeAg but little HlBcAg. Analysis of- triInsgcne
transcription in these mice revealed liver and kidney-specific
expression of transgence m-RNA in BS10 Mice, Which use the

HBV geCnC promioter. as already reported.7 SPC aind SC33 mice

employed the SAP component gene promoter and the tr-lansegnce
transcripts were detected only in the liver (K. Araki, J. Miyazaki
and K. Yamnamura, unpublished observations). The liver-
specific transgene expression using SAP gene promoter has been
reported in several different lines of trransgenic mice.' I314

Althouglh IIBcAgu and HBeAg re scrologically distict,'"
wc were able to analvse HBcAg-specific T-cell responsivrincss of

these t-tinsgenic mice since H BcAg and H BcAg are highly'l cross-

reIactive at the T-cell level.! 1 Our analysis rcvealed that BS110

micee when im unLi11zecd with HlscAg. showed ain extreelyci low
anti-H1Bc aIntibody response compared to tile trans"CnliC host
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strain of B6 mice. Analysis of cellular site of low responsiveness
of BSIO mice revealed that helper and proliferative T cells but
not B cells are specifically tolerant to HBcAg. APC functions of
BSlO mice were not defective. Also, there was no active
suppression in the T-cell tolerance of BSI0 mice. The T-cell
tolerance in BSJO mice is specific and not due to generalized
immune suppression observed in some lines of transgenic mice'0
since they respond effectively to unrelated antigens (PPD and
KLH).

The mechanism of the T-cell tolerance in BSIO mice would
provide important information as to the nature (circulating
versus non-circulating) as well as the time of expression of self-
antigens required for the tolerance induction of self-reactive T-
cell clones. We speculate that the self-antigens responsible for T-
cell tolerance in BS1O mice are circulating HBeAg from the
following considerations. SC33 mice, which express HBcAg in
the liver but do not express HBeAg in the serum, do not show T-
cell tolerance but immunity to HBcAg. The lack of tolerance in
SC33 mice might be due to the absence of circulating HBeAg in
the serum since the transgene product (p22c) is very likely to
remain intracellular and in the absence of precore sequences it
cannot become a secretory polypeptide with HBeAg specificity.
Although the mechanism of the induction of immunity in SC33
mice is not clear (see below), this would suggest that expression
of HBcAg in the BSIO liver may induce immunity to HBcAg in
BS 10 mice. However, BS 10 mice, which express high amounts of
H BcAg in the liver and H BeAg in the serum, are not immune but
rather tolerant to HBcAg. One of the most likely explanations
for this would be that although the HBcAg in BSIO liver might
have the potential to induce immunity, it is not effective since T
cells in BSI0 mice are tolerant probably due to the absence of
specific clones. This BSIO tolerance may be due to the presence
of relatively high amounts of H BeAg in the serum from the very
early developmental life. If this is the case, the apparent lack of
or low T-cell tolerance (as observed in Fig. 6) in SPC mice, which
express low amounts of HBeAg in the serum (but not HBcAg in
the liver), suggests that the acquisition of tolerance depends on
the amount of circulating antigens. The amount of HBeAg in
SPC serum is about seven times less than that of BSIO serum. It
is also possible, however, that the lack of or weak tolerance in
SPC mice could be due to the presumed late appearance of
circulating HBeAg. The time of developmental expression of
HBeAg in SPC mice could not be determined due to the low
amount. It is speculated to be on Days 2-3 after birth since SPC
mice use the same promoter (SAP gene promoter) as SC33 mice.

It should be noted that small but significant amounts of anti-
HBc antibody are produced in BSlO mice upon immunization
with HBcAg. Also, BS1O mice show small but significant
HBcAg specific T-cell proliferative responses. BS10 T cells
which proliferate in response to high HBcAg concentration
could bear T-cell receptors with high affinity. These results
indicate that the tolerance in BSIO mice is not complete, further
suggesting the quantitative nature of T-cell tolerance.

The second possibility would be that degraded products of
the HBcAg in the BSIO liver circulate in the serum from a very
early developmental stage of life (even before birth) and cause
tolerance of HBcAg-reactive T-cell clones. Indeed, a small but
significant amount of HBcAg was detected in the BSIO liver
from 18 days of gestation. If this is the case, the induction of self-
tolerance and immunity is critically dependent on the time of the
appearance of self-antigens since SC33 mice, which also showed

similar amounts (-- 10 ng/ml) of HBcAg in the liver 2 days after
birth, are not tolerant but immune to HBcAg.

Other mechanisms would be possible (but seem to be
unlikely in our opinion) for the T-cell tolerance in BS1O mice.
Although not detectable on the surface of hepatocytes by
immuno-histochemical examination (our unpublished data),
the existence of large amounts of HBcAg in the BSIO liver might
cause clonal inactivation of HBcAg reactive mature T-cell
clones in the periphery. Since clonal inactivation in the peri-
phery deals only with the mature T cells, the difference of
developmental expression between BS10 and SC33 mice may
not have any effect in this type ofclonal inactivation. If this is the
case, the clonal inactivation is dependent on the amount of
HBcAg in the liver, since SC33 mice, which express less HBcAg,
are not tolerant but immune to HBcAg. Creation of additional
lines of transgenic mice with similar developmental but different
quantitative expression of HBe/HBc transgene products would
clarify these points.

None of the transgenic spleen cells are able to stimulate
HBcAg specific T-cell lines in the absence of exogenous HBcAg
(Fig. 6), suggesting insufficient circulating HBeAg in the serum
to make Ag/class II complex for the activation of specific T cells.
Also, we were not able to detect HBcAg-specific T-cell prolifer-
ation by transgenic mouse thymocytes in the absence of
exogenous HBcAg (data not shown). Although these observa-
tions might contradict the ability of circulating HBeAg to
induce tolerance of HBcAg-specific T cells, several reports
suggest that the amount of antigen required for the positive and
negative selection in the thymus is far less than that required for
the activation of peripheral T cells.2' 23

One of the interesting observations in this study is that SC33
mice, which do not secrete HBeAg in the circulation, contain,
although small in amount, anti-HBc antibody in the serum even
before immunization. Although cellular analysis suggests that B
cells but not T cells in SC33 mice are sensitized in viro, this would
just reflect the sensitivity of assay. Indeed, immunization with
HBcAg resulted in the accelerated and augmented antibody
production of the secondary type immune response, which
suggests the involvement of memory T cells. It could be that
unsecreted HBcAg might be processed in such a way to sensitize
T (and B) cells without causing any autoimmune response in
SC33 mice (see below).

None of these HBV transgenic mice showed any evidence of
hepatitis as diagnosed by the serum transaminases and by
histological examination even after long-term observations for
more than 1 year. Various attempts to induce hepatitis in these
transgenic mice including transfer of HBcAg-hyperimmunized
spleen cells or HBcAg-specific T-cell lines were not successful.
Chisari et al. reported the development of hepatocellular
inflammatory responses and eventual occurrence of hepatocel-
lular carcinoma in HBs transgenic mice.24 These HBs transgenic
mice were also shown to be tolerant to HBsAg.25 Moriyama et

al.26 reported that transient hepatitis was induced in HBV
transgenic mice by the transfer of anti-HBs antibody or of anti-
HBs CD8+ T cells. There exist several differences between these
transgenic systems including the target antigen (HBs versus

HBc), amounts of transgene expression and transgenic host
strain. It is possible that the amounts of expressed transgene
products are too small in our transgenic mice for the induction
of hepatitis. It is also possible that the host strain of transgenic
mice may influence the immune response to hepatocellular
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inflammatory responses. The responsiveness to HBcAg is
reported to be under the immune response (Ir) gene control and
B6 mice were reported to be intermediate responders to
HBcAg.'2 It would be interesting to see the effects of introduc-
tion of high responder (H-2ksd) or of low responder (H-2P)
haplotypes in these transgenic mice in hepatitis induction.

Finally, it is interesting to consider the relationship between
our observations and chronic hepatitis B infection in man. HBV
is not directly cytopathic and the immune response of the host
against viral gene products appears to mediate hepatocellular
tissue injury. Infants born to hepatitis B virus carrier mothers,
who express a secreted HBeAg, invariably become persistently
infected by HBV. BSIO mice, which express high amounts of
HBeAg in the serum from the very early developmental life are
tolerant to HBcAg at the T-cell level. Based on the observations
in this paper, it may be speculated that transplacental transmis-
sion of HBeAg in man leads to depression of T-cell responsive-
ness to HBcAg in newborns subsequently exposed to HBV, thus
leading to virus persistence. Similar observations were made by
Milich et (1.4 using HBcAg transgenic mice.
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