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Chronicity after infection with the hepatitis B virus (HBV) can occur for a variety of reasons. However, once
established, chronicity may be maintained by high levels of viral proteins circulating in the serum. To examine
the characteristics of T cells capable of coexisting with the secreted hepatitis B e antigen (HBeAg), T-cell
receptor (TCR) transgenic (Tg) mice were produced. To ensure that HBeAg-specific T cells would not be
deleted in the presence of serum HBeAg, the TCR a- and -chain genes used to produce the TCR-Tg mice were
derived from T-cell hybridomas produced from immunizing HBeAg-Tg mice. A TCR-Tg lineage (11/4-12) was
produced that possessed a high frequency (~67%) of CD4™ T cells that expressed a Tg TCR specific for the
HBeAg. As predicted, when 11/4-12 TCR-Tg mice were bred with HBeAg-Tg mice no deletion of the HBeAg-
specific CD4* T cells occurred in the thymus or the spleen. Functional analysis of the TCR-Tg T cells revealed
that the HBeAg-specific CD4™ T cells escaped deletion in the thymus and periphery by virtue of low avidity.
Regardless of their low avidity, HBeAg-specific TCR-Tg T cells could be activated by exogenous HBeAg, as
measured by cytokine production in vitro and T-helper-cell function for anti-HBe antibody production in vitro
and in vivo. Furthermore, activated TCR-Tg HBeAg-specific T cells polarized to the Th1l subset were able to
elicit liver injury when transferred into HBeAg or HBcAg-Tg recipients. Therefore, HBeAg-specific CD4* T
cells that can survive deletion or anergy in the presence of circulating HBeAg nonetheless are capable of being
activated and of mediating liver injury in vivo. The 11/4-12 TCR-Tg lineage may serve as a monoclonal model

for the HBe/HBcAg-specific CD4™ T-cell repertoire present in chronically infected HBV patients.

The nucleoprotein of the hepatitis B virus (HBV) exists in
two structural forms. The particulate nucleocapsid (hepatitis B
c antigen [HBcAg]), which encapsulates the viral genome, and
a monomeric secreted form (HBeAg). We have postulated that
maternally derived HBeAg traverses the placenta and acts as a
tolerogen in utero, thereby predisposing perinatally infected
babies to chronic infection (14). Neonatal tolerance studies in
mice demonstrated that tolerance to the HBeAg was major
histocompatibility complex (MHC) dependent inasmuch as the
CD4™" T cells of H-2° mice were very sensitive to tolerance
induction by HBeAg, whereas some proportion of CD4" T
cells of H-2" mice were resistant to neonatal tolerance induc-
tion with HBeAg (15). These studies were extended by the
production of HBeAg-expressing transgenic (Tg) mice. The
CD4" T cells of HBeAg-Tg mice on an H-2° background
(B10.S) were highly tolerant, yet CD4" T cells in HBeAg-Tg
mice on an H-2° background (B10) were incompletely tolerant
(16). Incomplete tolerance in H-2” HBeAg-Tg mice permitted
functional studies of the HBeAg-specific CD4™ T-cell reper-
toire that escaped tolerance and coexisted with circulating
HBeAg. These studies revealed that HBeAg-specific CD4™ T
cells that evaded tolerance induction in HBeAg-Tg H-2” mice
were of relatively low avidity, possessed a unique fine specific-
ity pattern, and tended to belong to the Th2 subset (17).

In order to further examine HBeAg-specific CD4" T cells
that can coexist with circulating HBeAg and remain functional
in vivo, we produced mice transgenic for T-cell receptors
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(TCR) specific for HBeAg. First, T-cell hybridomas were pro-
duced by immunizing B10 wild-type (+/+) mice or HBeAg-Tg
(B10 e/e) mice with HBeAg. These immunizations yielded 100
T-cell hybridomas from the B10 +/+ mice and 13 T-cell hy-
bridomas from the B10 e/e mice (17). The TCR-a/B genes
derived from selected HBeAg-specific T-cell hybridomas were
sequenced and inserted into T-cell expression shuttle vectors
for use in the generation of TCR-a/B-Tg mice.

The TCR-o/B-Tg lineage 11/4-12, derived from HBeAg-Tg
(B10 e/e) mice, is the subject of this report. A second TCR-a/
B-Tg lineage, 8/3-11, derived from B10 +/+ mice, is included
as a comparative control. As predicted from the fact that the
11/4-12 TCR was derived from immunized B10 HBeAg-Tg
mice, CD4 " T cells bearing this Tg-TCR are not deleted in the
thymus or periphery of TCR-Tg X HBeAg-Tg mice (i.e., “dou-
ble Tg” mice). This provided the opportunity to examine the
functional status of HBeAg-specific and/or self-reactive CD4™
T cells bearing the 11/4-12 TCR-o/B chains in single- and/or
double-Tg mice, respectively.

MATERIALS AND METHODS

Production of HBeAg-specific T-cell hybridomas. HBeAg-specific T-cell hy-
bridomas were generated using a standard protocol. Briefly, draining LN cells
from B10 HBeAg-Tg mice were harvested 15 days after injection in the hind
footpads with 10 pg of HBeAg emulsified in complete Freund adjuvant. LN cells
were pooled, and single-cell suspensions were stimulated in vitro with HBeAg
(0.1 pwg/ml) for 3 days. Thereafter, the cells were washed and recultured with
interleukin-2 (IL-2; 20 U/ml) for an additional 2 days. The cells were then
washed and hybridized with the hypoxanthine-aminopterin-thymidine-sensitive
fusion partner BW5147, which does not contain functional mRNA for the o or
B chains of the TCR. A number of HBeAg-specific hybridomas were cloned by
limiting dilution.

Sequence determination of the V(D)J regions of the TCR derived from the
hybridomas. The Va usage of each T-cell hybridoma was determined by reverse
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transcription-PCR (RT-PCR) using primers specific for each Va gene family.
Total RNA was isolated from 2 X 10° cells of each hybridoma using Trizol
reagent (Gibco BRL, Grand Island, N.Y.). Following extraction, 1 wg of RNA
was reverse transcribed to cDNA with Moloney murine leukemia virus reverse
transcriptase (Gibco BRL) and pd(T),,_;5 primer (Amersham Pharmacia Bio-
tech, Piscataway, N.J.). Aliquots of cDNA were subjected to 30 cycles of PCR
under stringent primer annealing conditions, with the reverse primer located at
the constant region of the a chain and each of the 13 forward primers specific for
each Va gene family (24).

The VP usage was determined with a VB multiprobe RNase protection assay
(6). Mixtures of radiolabeled riboprobes specific for each VB gene family were
hybridized with 10 g of extracted RNA, digested with RNase, and resolved on
denaturing polyacrylamide gels. Protected RNA fragments were visualized on
autoradiography and identified in comparison to the unprotected V@ probes.

From the Va and VB typing results, primers were designed to isolate the
V(D)J and partial constant regions of the hybridomas. Following 30 thermal
cycles, the PCR products were purified from agarose and cloned into the
pSPORT plasmid vectors. Three individual colonies from each TCR «- and
B-chain cDNA were sequenced using M13 forward and reverse primers.

Generation of TCR a-chain and B-chain transgenes and Tg mice. After
sequence analysis, the V(D)J regions of the TCR were PCR amplified with Pfu
DNA polymerase (Stratagene, La Jolla, Calif.) using gene-specific primers. Re-
striction sites, intron sequence, and splice donor/acceptors were also introduced
into the VDJ fragments. The modified a-chain VJ fragment was inserted into a
XholI-NotI-excised TCR a-chain shuttle vector which contains a rearranged TCR
a-chain genomic DNA and the endogenous TCR « enhancer. The modified
B-chain V(D)J fragment was inserted into a Clal-NotI-excised TCR B-chain
shuttle vector that contains a rearranged TCR B-chain genomic DNA and the
endogenous B enhancer. The shuttle vectors (8) were kindly provided by M. M.
Davis, Stanford University. To ensure that no mutation had been introduced, the
V(D)J regions from each TCR construct were subcloned into pUC19 vector and
resequenced. Prior to microinjection, the bacterial sequences were removed, and
the 15.4-kb a-chain and the 19.8-kb B-chain TCR DNA fragments were comi-
croinjected into fertilized mouse (C57BL/10; B10) embryos. Progeny mice were
screened for the presence of the transgenes in PBL by PCR analysis using
primers located on the V and the CDR3 region for each TCR transgene. The
expression of the TCR transgenes in peripheral blood lymphocytes (PBL) and
lymphoid tissues was confirmed by immunofluorescence and RT-PCR by using
monoclonal antibodies (MAbs) and oligonucleotide primers specific for the
transgene TCRs. The Tg mice expressing the HBeAg (10 ng/ml) or the HBcAg
(0.25 ng/mg of soluble liver protein) were produced at the Scripps Research
Institute Transgenic Research Facility as previously described (14, 18).

rHBeAg and synthetic peptides. An Escherichia coli-derived rHBeAg corre-
sponding in sequence to serum-derived HBeAg encompassing the 10 precore
amino acids remaining after cleavage of the precursor and residues 1 to 149 of
hepatitis B core antigen (ayw subtype) was provided by Florian Schodel (EVAX,
Munich, Germany). The presence of the 10 precore amino acids prevents particle
formation, and the rHBeAg preparation is recognized efficiently by HBeAg-
specific MADbs but displays little hepatitis B core antigenicity (23). Peptides were
synthesized by the simultaneous multiple peptide synthesis method. The follow-
ing HBcAg- and HBeAg-derived synthetic peptides representing Th-cell recog-
nition sites were used and designated by amino acid position from the N terminus
of HBcAg: 129-140 amino acids 129 to 140), PPAYRPPNAPIL; and 120-140
(amino acids 120 to 140), VSFGVWIRTPPAYRPPNAPIL.

Serology. HBeAg was measured in diluted Tg mouse sera by a commercial
enzyme-linked immunosorbent assay (ELISA; HBe enzyme immunoassay; Ab-
bott Laboratories, Chicago, Ill.), and rHBeAg was used as a standard. Anti-HBc
and anti-HBe immunoglobulin G (IgG) antibodies were measured in murine
sera by an indirect solid-phase ELISA using rHBcAg or rHBeAg as the solid-
phase ligands as described previously (19). The data are expressed as antibody
titers representing the reciprocal of the highest dilution of sera required to yield
an optical density at 492 nm (OD,y,) three times the equal dilution of pre-
immunization sera. IgG isotype-specific ELISAs were performed using IgG1-,
1G2a, IgG2b, and IgG3-specific second antibodies (Southern Biotechnology,
Birmingham, Ala.).

Cytokine analysis. Spleen cells from either unprimed or primed TCR-Tg or
wild-type mice were cultured (6 X 10%/ml) with various concentrations of a series
of antigens. Culture supernatants (SNs) were harvested at 24 h for IL-2 deter-
mination and at 48 h for IL-4 and gamma-interferon (IFN-y) determinations.
Cytokines were measured by two-site ELISA using pairs of cytokine-specific
MAbs. One unlabeled MADb was absorbed to the microtiter plate well and used
as a capture antibody, and the other labeled MAb served as the probe. Alter-
natively, a CELL-ELISA (1) was utilized. In this case the cytokine-specific
capture MAb was bound to the solid phase of a cell culture well, and the last 24 h
of the cell culture was conducted in the presence of the capture MAb. The
CELL-ELISA is more sensitive than the SN-ELISA because the cytokines are
directly bound by solid-phase MADb and are less likely to be absorbed by the
cellular cytokine receptors (1).

Tg autoantibody model. Because HBeAg-expressing transgenic mice on a
B10(H-2%) background are not completely T-cell tolerant, injection of the syn-
thetic Th-cell site 129-140 results in anti-HBe or autoantibody production (16).
This Tg model is useful for screening immunomodulatory drugs or therapies.
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Groups of e/+ or TCR double-Tg mice were injected with the peptide Th-cell
site 129-140 (50 pg in incomplete Freund adjuvant). The mice were bled before
injection and at 2-week intervals for the determination of total IgG anti-HBe as
well as isotype-specific anti-HBe antibody levels by ELISA.

Liver injury model. TCR-Tg or wild-type mice served as donors of spleen cells
for adoptive transfer into HBeAg-Tg or HBcAg-Tg recipients. Unprimed spleen
cells from donor mice were cultured in two cycles (5 days/cycle) with HBeAg (5
pg/ml) in the presence of IL-12 (2.0 ng/ml) and anti-IL-4 (MAb 11B11) in order
to polarize the activated T cells toward the Th1 subset. Virtually 100% of the T
cells were CD4™ after the second culture cycle. Activated Thl cells (20 X 10°)
were transferred into sublethally irradiated (400 R) HBeAg-Tg or HBcAg-Tg
recipients. Hepatocellular injury was monitored biochemically by measuring se-
rum alanine aminotransferase (ALT) activity. Mice were killed by cervical dis-
location 6 months after adoptive transfer, and necropsy was performed. Liver
tissue was fixed in 10% zinc-buffered formalin, embedded in parafin, sectioned (3
wm), and stained with hematoxylin and eosin (H&E).

Flow cytometry. Single cell suspensions of thymus or spleen were prepared.
Before staining, cells were incubated with an anti-Fc MAb (2.4G2) to block
nonspecific Fc receptor uptake. For staining with directly labeled antibodies, 10°
cells were incubated with antibodies at 4°C for 15 min. Cells were washed three
times and analyzed with a FACScan (Becton Dickinson). Gates were set only on
viable cells and usually >10* cells were analyzed using LYSIS II (Becton Dick-
inson). The murine antibodies used for two- and three-color staining were as
follows: anti-TCR Vg4 (KT4), anti-TCR V11 (RR3-15), anti-TCR V11 (RR8-
1), anti-CD4 (H129.19), and anti-CD8a (53-6.7) (PharMingen, Palo Alto, Calif.).

RESULTS

Characterization of HBeAg-specific T-cell hybridomas. A
number of HBeAg-specific T-cell hybridomas were derived
after immunization of B10.S +/+ mice, and B10 +/+ mice,
and B10 e/e Tg mice with HBeAg (17). Approximately 25
HBeAg-specific T-cell hybridomas were selected for analysis as
candidate donors of TCR genes for the production of TCR-Tg
mice. Interestingly, the HBeAg-specific T-cell hybridomas de-
rived from B10 e/e Tg mice preferentially expressed Vg4 (7 of
9), whereas those derived from B10 +/+ mice preferentially
expressed V11 (6 of 10). The TCR «- and B-chain genes from
five T-cell hybridomas were cloned and sequenced, and the V
gene usage was determined against known TCR sequences
deposited in GenBank. The two T-cell hybridomas (2B2 and
1BY9) derived from B10 e/e Tg mice both utilize V4 and
V,11.1 in combination with J;1.4 and J, 14 (Table 1). In con-
trast, the T-cell hybridomas (4E4 and 7B7) derived from B10
+/+ mice utilize Vg11 and V5. The 4E4 hybridoma utilizes
Jp2.6 and J ,33 and hybridoma 7B7 utilizes J32.6 and J,26. An
insertion in the 3’ end of the V_ gene of the 7B7 hybridoma
results in a stop codon at position 95.

The CDR3 sequences of the VgDglg and V,J, junctional
regions were determined and are shown in Table 1. The four
T-cell hybridomas derived from B10 mice are specific for the
129-140 epitope within HBeAg, whereas the T-cell hybridoma
derived from the B10.S mouse (IE9) is specific for residues 120
to 131 within HBeAg. Note that aspartic acid (D) and gluta-
mine (Q) at B-chain positions 100 and 102 are conserved in all
four hybridomas specific for the 129-140 epitope of HBeAg.
Positions 100 and 102 within the TCR CDR3 region are known
to be important peptide antigen contact residues. The IE9
T-cell hybridoma specific for residues 120 to 131 on HBeAg
possesses different amino acids in the critical 100 and 102
positions of the B chain. With respect to the 129-140/IA® epi-
tope, the TCR sequences indicate that multiple TCR can be
used to recognize this epitope and suggest the possibility that
Vg-chain residues 100 and 102 must be conserved. This sug-
gests that regions other than Vg-chain residues 100 and 102
may contribute to the avidity of the TCR rather than the
specificity and that hybridomas 2B2 and 1B9 represent T cells
that survived negative selection in B10 e/e Tg mice due to their
low avidity as discussed below.

Establishment of the TCR-Tg lineage 11/4-12. After micro-
injection of the 2B2 hybridoma-derived V- and V-chain gene
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TABLE 1. Characterization of Vg, V,,, Jg, and J, usage and VDJ junctional region sequence of § chains and VJ junctional
regions of a chains from five HBeAg-specific T-cell hybridomas

T-cell hybridoma Source Epitope V region CDR3 region J region TCR-Tg lineage
2B2 B10 e/e 129-140 all.l GAGCCGACTAACAGTGCAGGGAACAAGCTA 14a
E P T NS A G N K L 11/4-12
B4 AGCCCAGATAGGCAAAACGAAAGGTTA 143
S Q DRQNTETRIL
1B9 B10 e/e 129-140 alll GAGGCCTCTAACAGTGCAGGGAACAAGCTA 14a
E A S NS A G N K L —
B4 AGCAGGGACAGACAGAACGAAAGATTA 1.4B
S R D R QNERL
4E4 B10 +/+ 129-140 oS AGTTCAAATACAGGAAACTACAAATAC 33a
S S N TG N Y K Y 8/3-11
pll AGCTTGGATGAACAG 2.6p
S LD EO
7B7 B10 +/+ 129-140 oS5 AGTGGATAG 260
S G —
p11 AGCTTGGATGAACAG 2.6B
S LD E O
1E9 B10.S +/+ 120-131 a4.2 GGTGACCAGGGAGGCAGAGCTCTG 120
G D Q G G R A L —
B4 AGCCAACCGGACTGGGGGTATGAACAG 2.68
S Q PDWGYEOQ
¢ —, none.
constructs, putative founder mice were screened for the pres-
ence of the transgenes by PCR analysis of DNA extracted from CD4" Spleen
PBL. Mice positive for both TCR transgenes were examined TCR-Tg
for TCR expression by fluorescence-activated cell sorter non-Tg .
[

(FACS) analysis (Fig. 1) and RT-PCR (Fig. 2). In TCR-Tg
lineage 11/4-12, 87.1% of splenic CD4™ T cells express Vg4
compared to 7.7% of control CD4™" spleen cells and V11 is
expressed on 73.4% of CD4" T cells in lineage 11/4-12 com-
pared to 4.7% in control mice (Fig. 1). Splenic T cells express-
ing both Vg4 and V 11 represented 67% of the CD4" popu-
lation in the 11/4-12 TCR-Tg lineage compared to 0.3% in
control mice. Analysis by RT-PCR confirmed the relatively
high level of expression of the transgenic V,, and V; chains in
the thymus and spleen but not the liver of the TCR-Tg 11/4-12
lineage (Fig. 2).

TCR-Tg mice were also derived from microinjection of V-
and Vg-chain genes derived from the 4E4 T cell hybridoma,
which originated from B10 +/+ mice immunized with HBeAg
(lineage 8/3-11) (Table 1). In the case of 8/3-11 TCR-Tg mice,
only 11.5% of splenic CD4" T cells express the transgenic
V1l chain compared to 4.5% in control mice (data not
shown).

Functional analysis of HBeAg-specific CD4* T cells in
TCR-Tg lineages 11/4-12 and 8/3-11. To ascertain the func-
tional ability of the CD4™" T cells expressing the TCR trans-
genes to respond to antigen, unprimed spleen cells from 11/
4-12 and 8/3-11 TCR-Tg mice were cultured for 2 days (11/4-
12) or 3 days (8/3-11) either with HBcAg (particulate form),
HBeAg (monomeric form), or peptide 120-140, and the anti-
gen-specific IL-2 production was determined. The whole
spleen was used because CD8" cell-depleted spleen behaved
equivalently to whole spleen (not shown). As shown in Fig. 3,
naive spleen cells from non-TCR-Tg mice did not respond to
the antigen panel, establishing that the endogenous HBeAg-
and HBcAg-specific T-cell repertoire requires in vivo expan-
sion by priming in order to be detected. In contrast, naive
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FIG. 1. One- and two-color FACS analysis of non-Tg and 11/4-12 TCR-Tg
splenic CD4™ T cells. Purified CD4™ splenic T cells were stained with anti-Vg4
(top panels), anti-V,11 (middle panels), or both anti-Vg4 and anti-V,,11 (bottom
panels).
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FIG. 2. RT-PCR analysis of mRNA expression in 11/4-12 TCR-Tg mice.
Total RNA was isolated from spleen, thymus, and liver of 11/4-12 TCR-Tg mice,
and 1 pg of isolated RNA was used for cDNA synthesis. The cDNA synthesis was
initiated using either the oligo(dT),s primer, the Ca primer (AGAGGGTGCT
GTCCTGAGAC), or the CB primer (GCCGTCGACCTCAAACAAGGAGAC
CTTGGGT). For detection of the transgenic TCR a-chain mRNA, an aliquot of
cDNA was subjected to 35 thermal cycles in a PCR reaction containing the Ca-
and the V, (CCAACAGAATTCCAGGGGCAGC) primers. For detection of
the transgenic TCR B-chain mRNA, the CB and VB (GTCCAGTCGACCCGA
AAATTA) primers were used. Spleen from a non-Tg littermate was used as a
negative control. The $X174DNA-Haelll digest was used as DNA size marker.

splenic T cells from both TCR-Tg lineages produced IL-2 in
response to culture with the HBeAg. However, significant dif-
ferences existed between the two TCR-Tg lineages. Splenic T
cells from 11/4-12 TCR-Tg mice “recognized” HBeAg prefer-
entially to the particulate HBcAg and were not activated by
peptide 120-140. Splenic T cells from 8/3-11 TCR-Tg mice
recognized HBcAg preferentially to HBeAg and were acti-
vated by peptide 120-140. Also note that 8/3-11 T cells pro-
duced higher levels of IL-2 and responded to lower doses of in
vitro antigen than 11/4-12 T cells, even though the frequency of
HBe/HBcAg-specific CD4™" T cells expressing a transgenic
TCR is much lower in 8/3-11 mice (11.5%) than in 11/4-12
mice (67%).

In addition to IL-2, production of IFN-y and IL-4 by naive
spleen cells from 11/4-12 and 8/3-11 TCR-Tg mice was moni-
tored by CELL-ELISA over a 4-day culture period. As shown
in Fig. 4, CD4" T cells from 8/3-11 TCR-Tg mice produced
increasing amounts of all three cytokines upon culture with the
HBcAg beginning at day 1 for IL-2 and day 2 for IFN-y and
IL-4. Maximum cytokine levels were present in 4-day cultures.

J. VIROL.

In contrast, CD4" T cells from 11/4-12 TCR-Tg mice cultured
with HBeAg produced maximum levels of IL-2 on day 2, pro-
duced IFN-y on day 3, and produced very little IL-4 at all time
points. Cytokine levels were decreasing by day 4 in the 11/4-12
TCR-Tg splenic cultures, indicating that in vitro T-cell ac-
tivation was less sustainable in 11/4-12 as opposed to 8/3-11
TCR-Tg mice. The transient cytokine production was not
due to T-cell death, since T-cell number and viability re-
mained relatively stable throughout the 4-day culture (data
not shown).

T cells expressing the 11/4-12 transgenic TCR are not de-
leted in the thymus or the periphery in TCR-Tg 11/4-12 X
HBeAg-Tg double-Tg mice. Since the TCR genes used to gen-
erate 11/4-12 TCR Tg mice originated from immunization of
HBeAg-Tg mice, it was predicted that the transgenic TCR-
bearing CD4™" cells would not be deleted in the presence of
HBeAg, at least not at the HBeAg concentration occurring in
the original HBeAg-Tg mouse (i.e., 10 ng/ml). To test this
prediction, TCR-Tg 11/4-12 mice were bred with HBeAg-Tg
mice, and the frequencies of the transgenic V11 chain or the
transgenic Vg4 chain among CD4* T cells in the thymus or
the spleen in non-Tg, single-TCR-Tg, or double-TCR-Tg X
HBeAg-Tg mice were compared (Fig. 5). In the normal thy-
mus, the vast majority (95.6%) of T cells are CD4" CD8"
double-positive cells. Note that in the TCR-Tg 11/4-12 thymus
73.6% of T cells are double positive and 15.2% of thymic T
cells are CD4™ single positive (Fig. 5A). The skewing toward
the more mature CD4 " population in the thymus is typical in
TCR-Tg mice expressing an MHC class II-restricted TCR. In
Fig. 5B, the frequencies of CD4 ™" T cells expressing the TCR
transgenic V_11-chain in the thymus are shown in non-Tg,
TCR-Tg (11/4-12), TCR-Tg X HBeAg-Tg, and double-Tg
mice given Zn™ to induce the HBeAg-specific MT promoter,
which increases the HBeAg concentration in the serum ap-
proximately 7-fold to ~70 ng/ml (14). No significant decreases
in the frequency of the transgenic V11-chain occurred in the
thymus of 11/4-12 TCR-Tg mice also expressing the HBeAg in
the serum at levels of 10 ng/ml (—Zn) or 70 ng/ml (+Zn) (Fig.
5B). Similarly, the presence of HBeAg in the serum did not
deplete the CD4™" T cells in the spleen carrying the TCR
transgenic V4 chain (Fig. 5C). It is clear from this FACS
analysis that the HBeAg-specific, CD4™ T cells bearing the
11/4-12 transgenic TCR are not negatively selected in the thy-
mus or physically depleted in the periphery by exposure to
circulating HBeAg.

T cells bearing the 11/4-12 transgenic TCR are not function-
ally altered by exposure to HBeAg in the serum of double-Tg
mice. Because CD4™" T cells expressing the 11/4-12 transgenic
TCR were not physically deleted by HBeAg in the thymus or
the periphery, the next issue was to determine if exposure to
circulating HBeAg altered the functional capacity of these T
cells. For this purpose, naive splenic T cells from TCR-Tg
11/4-12 or double-Tg mice were cultured in vitro with HBeAg
and HBcAg, and T-cell activation was monitored by IL-2 pro-
duction after 2 days in culture (Fig. 6). Splenic T cells derived
from naive single-TCR-Tg mice or TCR X HBeAg double-Tg
mice produced equivalent amounts of IL-2 upon exposure to
HBeAg and HBcAg in vitro. T cells from double-Tg mice
required exposure to HBeAg in vitro to elicit IL-2 production,
indicating that the T cells were not spontaneously activated by
endogenous HBeAg in vivo. Similarly, FACS analysis revealed
that the CD4" T cells bearing the transgenic TCR derived
from both single- and double-Tg mice possessed a resting phe-
notype as opposed to an activated or memory phenotype prior
to in vitro culture (data not shown). Similarly, the kinetics of
cytokine production in vitro were not significantly different
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FIG. 3. Antigen-specific IL-2 production by naive splenic T cells from non-Tg (B10 +/+), TCR-Tg 11/4-12 and TCR-Tg 8/3-11 mice. Unprimed spleen cells were
cultured with concentrations of the indicated antigens in vitro for 3 days (except for TCR-Tg 11/4-12 spleen cells, which were cultured for 2 days), and SNs were
collected and assayed for IL-2 by ELISA. Comparative IL-2 levels are expressed in OD units. This is one of four assays and is representative.

between T cells derived from single-TCR-Tg or double-Tg low levels by day 4 in unprimed TCR-Tg and double-Tg splenic
mice regardless of whether the mice were unprimed or primed cultures. Priming of the mice with 40 g of soluble HBeAg in
in vivo with soluble HBeAg (40 pg) (Fig. 7). HBeAg-specific vivo 3 days prior to culture had the same effect on in vitro
IL-2 production peaked at day 2 of culture and declined to very T-cell IL-2 production in single-TCR-Tg and double-Tg mice.
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FIG. 4. Kinetics of cytokine production by TCR-Tg 11/4-12 and TCR-Tg 8/3-11 naive, splenic T cells cultured with antigen. Unprimed TCR-Tg 8/3-11 spleen cells
were cultured with HBcAg (1.0 wg/ml), and TCR-Tg 11/4-12 spleen cells were cultured with HBeAg (5.0 pg/ml) for from 1 to 4 days. Amounts of IL-2, IFN-y, and
IL-4 levels produced each day were determined by CELL-ELISA. Spleen cells were transferred to CELL-ELISA plates during the last 24 h of culture to measure
contemporaneous rather than accumulated cytokine production. This experiment was performed on three separate occasions and is representative.



7592 CHEN ET AL. J. VIROL.

A,

CD8

00

"0 10}

Thymus +7n

k " - > : -
[ 2
b £l
Vay, |3 £l
§.~‘ f
100 i

CD4

4

FIG. 5. Two-color FACS analysis of thymic and splenic T cells derived from non-Tg mice, TCR-Tg 11/4-12 mice, HBeAg-Tg X TCR-Tg 11/4-12 (double-Tg mice),
and double-Tg mice given zinc sulfate (Zn, 25 mM) in the drinking water. (A) Thymic cells from non-Tg and TCR-Tg 11/4-12 mice were double stained with anti-CD8
and anti-CD4. (B) Thymic cells from non-Tg, TCR-Tg, and double-Tg mice without (—) and with (+) Zn treatment were double stained with anti-V,11 and anti-CD4.
(C) Splenic cells from non-Tg, TCR-Tg, and double-Tg mice without and with Zn treatment were double stained with anti-V4 and anti-CD4.
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FIG. 6. Comparative antigen-specific IL-2 production by naive splenic T cells derived from TCR-Tg 11/4-12 and double-Tg mice. Spleen cells from TCR-Tg 11/4-12
and double-Tg mice were cultured with various concentrations of HBeAg or HBcAg for 2 days, at which time the SNs were collected in order to measure IL-2 levels
by ELISA. Comparative IL-2 levels are expressed in OD units. This experiment is representative of four separate assays.

Priming resulted in a faster onset of IL-2 production in vitro,
which was maximal during the first 24 h of culture, but did not
affect the transient nature of IL-2 production (Fig. 7). Like-
wise, in vitro IFN-y production in naive and HBeAg-primed
single TCR-Tg or double-Tg mice was not significantly differ-
ent. Priming with HBeAg increased maximum IFN-y produc-
tion at day 2 of culture in single-TCR-Tg and double-Tg mice.
Splenic T cells from wild-type B10 +/+ mice either unprimed
or primed with soluble HBeAg 3 days prior to culture did not
produce IL-2 or IFN-y upon culture with HBeAg (data not
shown). Therefore, the results indicate that the T cells bearing
the 11/4-12 transgenic TCR can be activated in vivo by priming
with soluble HBeAg and that the presence of endogenous
HBeAg in the serum of double-Tg mice neither suppresses nor
enhances T-cell activation in vivo.

T cells bearing the transgenic 11/4-12 TCR mediate anti-
HBe antibody production in vitro and in vive. To determine
if 11/4-12 TCR-Tg T cells could function as T helper cells
for HBeAg-specific B cells and mediate antibody produc-
tion, 7-day spleen cultures from B10 +/+ and 11/4-12 TCR-Tg
mice in the presence or absence of HBeAg were monitored for
the presence of anti-HBe antibodies in the SN (Fig. 8). Control
cultures from both strains not containing HBeAg yielded no
anti-HBe antibody production (data not shown). In the pres-
ence of HBeAg (0.2 to 5.0 wg/ml), only spleen cells from
11/4-12 TCR-Tg mice produced anti-HBe antibodies detect-
able in the SN. Anti-HBe antibodies were first detectable on
day 3 of culture and continued to accumulate in the SN
throughout the 7-day culture (Fig. 8). Apparently, the high
frequency of HBeAg-specific CD4™ T cells present in 11/4-12
TCR-Tg spleen (67%) was sufficient to mediate a primary
anti-HBe antibody response in vitro. It is notable that the
anti-HBe response consisted exclusively of IgM antibodies; no
IgG antibodies were detected.

Because 11/4-12 TCR-Tg T cells were functional as Th cells
for antibody production in vitro, 11/4-12 TCR-Tg mice
were immunized with 10 pg of HBeAg in saline and the in
vivo anti-HBe antibody production was determined (Fig. 9).
Although HBeAg-immunized 11/4-12 TCR-Tg mice were com-
petent to produce IgG anti-HBe antibodies, the levels of anti-
HBe were approximately 100-fold less than with HBeAg-
immunized wild-type B10 +/+ mice. Therefore, production of
high-titer IgG anti-HBe antibodies in vivo was dependent on
factors other than HBeAg-specific Th-cell frequency. As shown in
Fig. 9, the presence of endogenous HBeAg in double-TCR-Tg
mice did not suppress in vivo anti-HBe antibody production
and may have enhanced it by eliciting an “autoantibody” com-
ponent as discussed in the following section.

Variable anti-HBe autoantibody production in 11/4-12 TCR-
double-Tg mice. Because HBeAg-expressing Tg mice on an
H-2" background are only partially tolerant, injection of the
peptidic T-cell epitope 129-140 activates Th cells in vivo, which
mediate anti-HBe seroconversion (16). Anti-HBe autoanti-
body is produced in excess of HBeAg, which becomes unde-
tectable in the serum (see Fig. 10, first panel). Therefore, it was
of interest to determine if the T cells bearing the transgenic
11/4-12 TCR in double-Tg mice could be activated by injection
of the 129-140 peptidic T-cell epitope and to what extent this
model autoimmune response might differ in HBeAg-Tg versus
TCR-double-Tg mice. Injection of HBeAg-Tg mice with p129-
140 results in anti-HBe autoantibody production dominated by
the IgG1 subclass with little IgG2b and IgG2a anti-HBe anti-
bodies and no IgG3 (Fig. 10, first panel). Injection of 11/4-12
TCR-double-Tg mice with p129-140 elicited variable responses
which could be characterized by three distinct patterns approx-
imately equally distributed. Approximately 30% of 11/4-12
TCR-double-Tg mice injected with p129-140 produced a slight-
ly delayed (week 4) anti-HBe autoantibody response with a
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FIG. 7. Kinetics of cytokine production in TCR-Tg 11/4-12 and double-Tg mice either unprimed or primed with HBeAg in vivo. Spleen cells from TCR-Tg 11/4-12
and double-Tg mice either unprimed (naive) or primed in vivo with HBeAg (40 pg in saline) 3 days prior to culture were incubated with HBeAg (10 pg/ml) for 1 to
4 days. At culture days 1, 2, and 4, IL-2 and IFN-y production were measured by CELL-ELISA. Each datum point represents the mean (* the standard deviation)

cytokine measurement from three mice.

much broader IgG subclass distribution consisting of IgG1,
1gG2a, 1gG2b, and IgG3 compared to HBeAg-Tg mice (i.e.,
pattern 1, Fig. 10). The pattern 1 response is also characterized
by a lower total IgG anti-HBe titer and delayed and less-
efficient HBeAg serum clearance (i.e., reduced serum HBeAg
levels only during weeks 6 through 8) compared to the re-
sponse in HBeAg-Tg mice. Another 30% of 11/4-12 TCR-
double-Tg mice injected with p129-140 demonstrated a re-
sponse very similar to that of the HBeAg-Tg mice but of a
lower magnitude and with no clearance of serum HBeAg (pat-
tern 2). The third pattern is characterized by very inefficient
anti-HBe autoantibody production (i.e., =1:2,560) and no
clearance of serum HBeAg (Fig. 10). It is interesting that the
autoantibody response can be more complex (pattern 1) with
more mouse-to-mouse variation in TCR-double-Tg mice,
which represents a limited TCR repertoire, compared to the
consistently IgG1-dominated response exhibited by HBeAg-Tg
mice, in which a polyclonal TCR repertoire exists. We have

never observed any mouse-to-mouse variation in the anti-HBe
seroconversion response of at least 50 HBeAg-Tg mice in-
jected with p129-140. Perhaps the polyclonal response is more
susceptible to crossregulation by a dominating Th2 cell phe-
notype as opposed to a monoclonal T-cell population, which
may be influenced by environmental factors.

Adoptive transfer of 11/4-12 TCR-Tg T cells polarized to
the Th1 subset can mediate liver injury in HBeAg- and HBcAg-
expressing Tg recipients. Because 11/4-12 TCR-Tg T cells
were not deleted or functionally altered by exposure to endog-
enous HBeAg yet could be activated in vivo by exogenous
HBeAg, it was of interest to determine the potential of these
T cells to mediate liver injury upon adoptive transfer into
HBeAg- or HBcAg-expressing Tg recipients. For this purpose,
T cells derived from B10 +/+ mice or 11/4-12 TCR-Tg mice
were cultured for two “cycles” with HBeAg in the presence
of IL-12 and anti-IL-4 in order to activate and polarize the
HBeAg-specific CD4™ T cells toward the Th1l subset. These
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FIG. 8. Invitro anti-HBe antibody production in splenic cultures from naive
TCR-Tg 11/4-12 and B10 wild-type (+/+) mice. Spleen cells were cultured for 7
days with from 0.2 to 5.0 pg/ml of HBeAg (only the data from the 5.0-pg/ml
cultures are shown), and the SNs was harvested daily for the measurement of
IgM anti-HBe antibodies by ELISA. Undiluted SN was used in the ELISA, and
comparative anti-HBe levels are expressed as OD units. This assay is represen-
tative of three separate experiments.

polarized Th1 cells secrete low levels of IL-2 and high levels of
IFN-y and no IL-4 upon further culture with HBeAg (data not
shown). Activated HBeAg-specific Thl cells were then trans-
ferred into sublethally irradiated HBeAg or HBcAg-expressing
Tg recipients. Serum samples were collected on a daily or
weekly basis and serum ALT levels were determined as a
measure of liver injury. Normal ALT levels in our mouse
colony ranged between 20 and 60 U/liter, with occasional ele-
vations at single time points; therefore, ALT values of =80
Ulliter at multiple time points were considered significant el-
evations.

As shown in Fig. 11, adoptive transfer of in vitro-activated
Th1 cells from 11/4-12 TCR-Tg mice into both HBeAg-Tg and
HBcAg-Tg recipients resulted in relatively mild relapsing and
remitting chronic liver injury, whereas adoptive transfer of Thl
cells cultured in vitro with HBeAg from non-Tg control mice
elicited no liver injury. However, there were differences be-
tween HBeAg-Tg and HBcAg-Tg recipients of 11/4-12 TCR-
Tg Th1 cells. Only 50% of HBeAg-Tg recipients demonstrated
chronic liver injury compared to 100% of the HBcAg-Tg re-
cipients, and the onset of liver injury appeared sooner in the
HBcAg-Tg recipients (Fig. 11). The kinetics of liver injury in
both groups was unique in each recipient and quite variable
from mouse to mouse. At the termination of adoptive transfer
experiments (6 months), liver sections of recipient mice
were prepared for histological examination. The H&E-
stained liver sections were read in a blinded fashion by a
pathologist (S.N.T.). The pathology observed, which included
portal inflammation, parenchymal necrosis, and pleiomorphic
hepatocytes, was semiquantitated (Fig. 12 and Table 2).
Portal inflammation (PI) was minimal in all livers: in
HBeAg-Tg recipients one of seven livers demonstrated 1+ PI;
in HBcAg-Tg recipients three of eight livers had evidence of PI
of 1+ to 2+ severity; no inflammation was observed in the
controls. Foci of parenchymal necrosis (FN) graded 2+ were
observed in seven of eight HBcAg recipients and in one of
seven HBeAg-Tg recipients; the recipients transferred with
non-Tg Th1 cells showed 1+ FN. The presence of hepatocytes
with large nuclei (pleiomorphic hepatocytes) graded as 2+
were observed in one of seven HBeAg-Tg recipients and in five
of eight HBcAg-Tg recipients (Table 2). In summary, the
HBcAg-Tg recipients demonstrated a greater degree of focal
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necrosis and pleiomorphic hepatocytes than the HBeAg-Tg
recipients, and portal inflammation was minimal in both
groups. This histology is consistent with chronic lobular hep-
atitis, which does not usually progress to cirrhosis.

DISCUSSION

The functional studies of 11/4-12 TCR-Tg mice suggest that
T cells expressing the transgenic HBeAg-specific TCR survive
in the presence of HBeAg in double-Tg mice by virtue of low
avidity. The evidence for the low avidity of the 11/4-12 TCR-Tg
CD4" T cells is functionally defined and includes (i) a right-
shifted dose-response curve after primary activation in vitro,
(ii) the transient nature of T-cell activation in vitro, (iii) lack of
clonal deletion in the thymus and the periphery in the context
of HBeAg concentrations of 10 to 70 ng/ml in the serum, (iv)
lack of anergy of peripheral CD4" T cells, (v) altered fine
specificity, and (vi) inefficient activation in vivo demonstrated
by low levels of anti-HBe antibodies produced after immuniza-
tion. Presumably, HBeAg-specific T cells demonstrating higher
avidities than 11/4-12 TCR-Tg T cells would be either deleted
in the thymus or anergized in the periphery upon exposure to
serum HBeAg. For example, HBeAg-Tg mice on an H-2° back-
ground are totally tolerant at the level of CD4™ T cells in the
context of a 10-ng/ml serum concentration of HBeAg (16, 18),
and HBeAg-Tg mice on an H-2” background are partially tol-
erant (17).

Studies in HBV chronically infected patients suggest that
HBeAg-specific CD4™ T cells are present even in the context
of relatively high levels of circulating HBeAg (2, 9, 12, 27). We
suggest that the transgenic HBeAg-specific CD4* T-cell pop-
ulation existing in 11/4-12 TCR-Tg mice may represent a
monoclonal model for the HBeAg-specific CD4™ T-cell rep-
ertoire present in long-term chronic carriers of HBV. Like
TCR transgenic HBeAg-specific CD4" T cells in double-Tg
mice, HBeAg-specific CD4™ T cells in chronically infected pa-
tients must be able to coexist with serum HBeAg. In 11/4-12
TCR-double Tg mice, the transgenic T cells are quiescent in
vivo and are neither spontaneously activated nor inactivated by
deletion or anergy. However, exposure to exogenous HBeAg in
vitro or in vivo is capable of activating 11/4-12 TCR-Tg CD4™"
T cells derived from TCR single-Tg or double-Tg mice suffi-
ciently to elicit cytokine production and T-helper-cell function

Strain Anti-HBe Titer (1/dilution)
o
& N & LSS
Q @3’ bg? 653’ &S’;’ a5
B10 +/+

11/4-12 TCR-Tg
B10 e/+
11/4-12 x e/+

8/3-11 TCR-Tg

FIG. 9. In vivo anti-HBe antibody production in TCR-Tg, HBeAg-Tg, dou-
ble-Tg, and wild-type mice. Groups of four mice each were immunized in vivo
with HBeAg (10 pg) in saline, and 4 weeks later sera were collected, pooled, and
assayed for determination of IgG anti-HBe antibodies by ELISA. The anti-HBe
endpoint titer is expressed as a reciprocal of the highest dilution of serum
yielding an OD,q, value three times that of preimmunization sera.
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FIG. 10. Seroconversion from HBeAg positivity to anti-HBe production in HBeAg-Tg and HBeAg-Tg X TCR-Tg 11/4-12 double-Tg mice elicited by priming with
a synthetic T-cell peptide. Groups of 6 HBeAg-Tg and 12 double-Tg mice were injected with the peptidic T-cell epitope 129-140 (50 g, incomplete Freund adjuvant)
at time zero. Thereafter, sera were collected bimonthly and individually assayed for anti-HBe antibodies (total IgG and isotype specific) and HBeAg by ELISA assays.
The HBeAg serum concentrations are shown across the top of each graph. Three patterns of anti-HBe seroconversion occurred in double-Tg mice, and representative
data from single mice depict each pattern. Seroconversion in six HBeAg-Tg mice was nonvariable.

for anti-HBe antibody production in vitro and in vivo. It is
notable that the minimum HBeAg concentrations necessary to
activate 11/4-12 TCR-Tg CD4™" T cells in vitro and in vivo are
greater than the endogenous HBeAg concentrations (i.e., 10
to 70 ng/ml) examined. This suggests that the well-recognized

fluctuations in HBeAg concentration during natural HBV
infection may variably effect HBeAg-specific CD4" T-cell
activation. It has been previously proposed that increases
of HBeAg concentration in the serum and accumulation of
HBcAg intracellularly triggers HBeAg- and HBcAg-specific
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FIG. 11. Adoptive transfer of 11/4-12 TCR-Tg Th1 cells mediates liver injury
in HBeAg- and HBcAg-expressing Tg recipients. Unprimed, donor T cells de-
rived from either B10 +/+ mice or from 11/4-12 TCR-Tg mice were cultured
with HBeAg (5 ng/ml) in the presence of IL-12 and anti-IL-4 for two cycles of 5
days each. In vitro-activated and Thl-polarized 11/4-12 TCR-Tg T cells (20 X
10°) were then transferred into either HBeAg-Tg recipients (a to d) or HBcAg-
Tg recipients (e to h). Donor cells from control (+/+) mice were transferred into
HBeAg-Tg (i and j) or HBcAg-Tg (k and 1) recipients. The recipients were
sublethally irradiated (400 R) at the time of adoptive transfer. Hepatocellular
injury was monitored by measuring serum ALT levels on a weekly basis. The
normal range of serum ALT values in our mouse colony was 20 to 60 U/liter, as
depicted by the horizontal bars. Each graph represents an individual mouse.

CD4™" T-cell activation and at least partially may account for
the cyclic pattern of liver cell injury often observed in chroni-
cally infected patients (13). Similarly, the ability to detect Th-
cell sensitization to the HBeAg and HBcAg in the PBL of
chronic HBV patients coincides with periods of liver cell injury
(27). These findings support the contention that the HBeAg-
and HBcAg-specific CD4* T-cell repertoire remaining in long-
term chronically infected patients may be of low avidity. This
would explain the limited ability to detect HBeAg- and HBcAg-
specific T-cell proliferation or cytokine production in the PBL
of chronic HBV patients (2, 9, 27). The presence of low-avidity,
HBeAg- and HBcAg-specific CD4" T cells may also explain
the production of IgG-restricted anti-HBe antibodies, which
are present in 50% of asymptomatic chronic carriers and I1gG-
unrestricted anti-HBe antibodies present in 100% of symptom-
atic chronic carriers, even though HBeAg remains in excess in
the serum (12). If there were a total absence of HBe Ag-specific
CD4™" T cells in these chronic HBV patients, no anti-HBe
antibody would be produced and the presence of high-avidity
CD4" T cells may result in HBeAg to anti-HBe seroconver-
sion.

The preferential recognition of the monomeric HBeAg over
the particulate HBcAg by 11/4-12 TCR-Tg T cells is an impor-
tant observation. This finding establishes that CD4* T cells

HBeAg-SPECIFIC TCR-TRANSGENIC MICE 7597

with this unusual fine specificity do exist. CD4" T cells that
recognize the HBeAg preferentially to the HBcAg may repre-
sent at least one type of effector cell capable of selecting the
HBeAg-negative mutant of the HBV (22). Generally, it has
been observed that the HBeAg and HBcAg are fully cross-
reactive at the level of CD4" T-cell recognition due to the
shared amino acid sequence between these two antigens, with
the exception of the 10 residual precore amino acids present on
serum HBeAg (3, 19). The 11/4-12 TCR-Tg T cells do not
recognize the precore sequence (data not shown). The HBcAg
is recognized preferentially to the HBeAg by HBeAg- and
HBcAg-specific CD4™ T cells, presumably because the partic-
ulate structure confers an advantage in terms of antigen uptake
by antigen-presenting cells (APC) (20). It appears that the
epitope recognized by 11/4-12 TCR-Tg T cells is generated
more efficiently by the presentation and processing of the
HBeAg monomer than by the particulate HBcAg. Future stud-
ies will address questions regarding the fine specificity of the
epitope, although the epitope does reside within residues 129
to 140, and whether this unique epitope is generated differen-
tially depending on the APC type.

It was somewhat surprising that 11/4-12 TCR-Tg T cells,
which are of sufficiently low avidity to escape deletion in the
thymus and in the periphery, nevertheless can under the ap-
propriate conditions mediate liver injury, as demonstrated by
the adoptive-transfer experiments. First, it was not expected
that low-avidity CD4™ T cells would be competent to mediate
liver injury because hepatocytes express such limited amounts
of MHC class II molecules. Secondly, it was of interest that the
liver injury elicited was of a chronic relapsing and remitting
nature, which is often observed in chronic HBV patients and in
many autoimmune disorders as well. The low avidity of the
11/4-12 TCR-Tg CD4 ™ T cells may contribute to the relapsing
and remitting course of liver injury. The partial or transient
activation observed for these low-avidity T cells may permit
their continued survival in the liver due to less-efficient down-
regulation via apoptosis or other regulatory mechanisms. An
absence of sustained T-cell activation has been attributed to
low TCR density (28). Similarly, low-avidity TCR binding re-
sulting in fewer engagements of the TCR with peptide-MHC
complexes may also deter sustained T-cell activation. We are
currently investigating whether 11/4-12 TCR-Tg CD4™ T cells
directly cause liver injury or perhaps mediate it through the
activation of endogenous HBeAg- and HBcAg-specific CD8™"
cytotoxic T lymphocytes. This seems unlikely because recipient
mice received sublethal irradiation and because of the rather
rapid onset of liver injury after adoptive transfer of the CD4™
T cells, especially in HBcAg-expressing Tg recipients. It is also
possible that the CD4" T cells mediate liver injury directly
through a FAS-FASL mechanism since FAS™ hepatocytes are
very sensitive to apoptosis (4, 21, 25, 26). Alternatively, proin-
flammatory cytokines produced by CD4 ", Thl-like cells such
as IFN-y and tumor necrosis factor alpha, may mediate liver
injury. The rather mild liver injury observed in this model most
likely reflects limiting antigen concentrations in the Tg recip-
ients rather than limited effector cell function. Lastly, it was
notable that the HBcAg-Tg recipients experienced more liver
injury than HBeAg-Tg recipients, even though 11/4-12 TCR-
Tg T cells preferentially recognize the HBeAg, at least in the
in vitro cultures.

Nondeletional TCR-Tg models have been described which
have specificity for experimental antigens and autoantigens (5,
7, 10, 11). This study describes a nondeletional TCR-Tg model
which has relevance to an infectious agent. The development
of HBeAg- and HBcAg-specific TCR-Tg mice should enable
us to obtain a greater understanding of the role of T-cell tol-



FIG. 12. Liver histology in recipients of TCR-Tg 11/4-12 Th1 cells. (A) Rare and small foci of parenchymal necrosis and inflammation (arrows, +1) in HBeAg-Tg
recipients of TCR-Tg 11/4-12 Th1 cells. (B) Rare and larger foci of parenchymal necrosis and inflammation (arrows, +2) in HBcAg-Tg recipients. Pleiomorphism of hepatocyte
nuclei is also more pronounced in HBcAg-Tg recipients. (C) HBcAg-Tg recipients of T cells from control (+/+) donor mice show no necrosis or inflammation.
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TABLE 2. Histology of liver sections prepared 6 months after adoptive transfer of Thl cells
Donor Recipient group Histology (no. positive/total no. [score]”
ono (no. of animals) PI FN PH
Tg-11/4-12 HBeAg-Tg (7) 1/7 (1+) 1/7 (2+):6/7 (1+) 1/7 (2+):6/7 (1+)
Tg-11/4-12 HBcAg-Tg (8) 1/8 (2+):2/8 (1+) 7/8 (2+):1/8 (1+) 5/8 (2+):3/8 (1+)
+/+ HBeAg-Tg (1) 0 + 1+
+/+ HBcAg-Tg (1) 0 * 1+

¢ PI, portal inflammation; FN, focal necrosis; PH, pleiomorphic hepatocytes.

erance in the complex interactions between the immune re-
sponse to the HBV nucleocapsid antigens, liver injury, and HBV
clearance. We are currently examining additional HBeAg- and
HBcAg-specific TCR-Tg lineages possessing an array of spec-
ificities and avidities in order to obtain a more complete view
of the HBeAg- and HBcAg-specific CD4 " T-cell repertoire in
the context of constant exposure to the HBe and HBc antigens
much like what occurs in chronic HBV infection.
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