
Table 3. Dose-response for compound XVll 
against JM cells infected with HIV-1 (GB8). 

XVll Mean syncytial p24 Antigen 
(niM) count (ngld)  

3 25 (19%) 0.88 (2.8%) 
1 50 (31%) 1.56 (5.7%) 
0.3 71 (53%) 2.65 (9.8%) 
0.1 137 (102%) 16.0 (54%) 
O.O* 134 (100%) 27.0 (100%) 

*Drug free 

a similar enhancement in HIV proteinase 
inhibition. In contrast to AZT and other 
inhibitors of the reverse transcription pro- 
cess (24), proteinase inhibitors are effective 
against chronically infected cells. The high 
level of antiviral activity and low cytotoxicity 
for compound XVII provides a high thera- 
peutic index. 
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Immunobiology and Pathogenesis of Hepatocellular 
Injury in Hepatitis B Virus Transgenic Mice 

The role of the immune response to hepatitis B virus (HBV)-encoded antigens in the 
pathogenesis of liver cell injury has not been defined because of the absence of 
appropriate experimental models. HBV envelope transgenic mice were used to show 
that HBV-encoded antigens are expressed at the hepatocyte surface in a form 
recognizable by major histocompatibility complex (MHC) class I-restricted, CD8' 
cytotoxic T lymphocytes specific for a dominant T cell epitope within the major 
envelope polypeptide and by envelope-specific antibodies. Both interactions led to the 
death of the hepatocyte in vivo, providing direct evidence that hepatocellular injury in 
human HBV infection may also be immunologically mediated. 

T HE HBV IS AN ENVELOPED, CIRCU- 

lar, double-stranded DNA virus that 
causes acute and chronic liver disease 

and hepatocellular carcinoma (1). The 
mechanisms responsible for HBV-induced 
hepatocellular injury are not well under- 
stood (2). Although HBV-specific T cells 
are present in the peripheral blood and 
intrahepatic lymphocyte populations in 
HBV vaccine recipients (3, 4) and patients 
with chronic hepatitis (51, there is no defini- 
tive evidence that these responses are in- 
volved in the destruction of infected hepato- 
cytes in this disease. The narrow host range 
of HBV and its nontransmissibility in rou- 
tine cell culture systems have prevented the 
use of conventional approaches to this ques- 
tion. The minimal model for T cell-mediat- 
ed liver cell injury requires hepatocellular 
synthesis of HBV gene products; the appro- 

priate processing, association, and surface 
expression of these products with major 
histocompatibility determinants; the induc- 
tion and expansion of a cellular immune 
response specific to MHC-associated HBV 
peptides; and the susceptibility of the pri- 
mary hepatocyte to T cell-mediated cytoly- 
sis. 

We developed an HBV transgenic mouse 
model system to analyze the immu- 
nopathogenesis of HBV-induced liver dis- 
ease (6 ) .  The HBV (subtype ayw) envelope 
region that contained the preS( l ) ,  preS(2), 
and HBs antigens (HBsAg) was ligated 
to mouse albumin regulatory sequences 
and introduced into unicellular inbred 
(B10.D2) mouse embryos (7).  Transgenic 
mouse lineage 107-5 [official designation 
Tg (Alb-1, HBV) Bri661 expresses noncyto- 
toxic amounts of the HBV large and major 

- - 

envelope polypeptides in the hepatocytes 
T. Moriyama, S. Guilhot, K. Klopchin, F. V. Chisari, 
Research Institute of Scripps Clinic, La Jolla, CA 92037. (7?. This lineage does not spOntane- 
B. Moss, National Institute of Allergy and Infectious 0 ~ s  liver disease and is 
Diseases, Bethesda, MD 20205. 
C. A. Pinkert and R. L. Briister. Universitv of Pennsvl- the preS and HBs antigens (7?. 
&ia. Philadelohia. PA 19104. Donor B10.D2 mice were immunized with 
R. D: palmite;, university of Washington, Seartle, WA a recombinant vaccinia virus (vHBs4) that 98195. 
0. Kanagawa, Lilly Research Laboratories, La Jolla, CA contained the coding region for the HBV 
92037. major envelope polypeptide. Transgenic re- - - 
*To whom correspondence should be addressed. cipients of primed spleen cells from these 
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w.1. (Top) Nanaansgenic, 
syngene~ (B10.D2) mice 
were infkecdht imesat  .a. . . . . . . . . . . . .... 
biwe4dclyormomhlyimavals 60 

withI~108pIaque-forming 1 
units (PFUs) of vHBs4 that I 

20 
n p r e s s c s ~ ~ V ( s u b t y p e  i 
a q  w cnvtope pohl- 
p e p t & h t m m ~ . w  5 10 15 20 
(13) bebre adopave nansfer 
of 1 x 108 spleen cdls into 
syngaKic tramgenic (107-5) 
ancimmmmgmicrecipients. 
Anti-HBs titer in the setum . . .  
of donor mice at the time of 4 0 4  ' . .- - .a*.. .... 
spleen cdl harvest was 
1 x 104 (AUSAB, serial 
end-point dilution anatysis). , I* 1 tr - 
All rkip~lts were bled it the o 1 2 3 4 
indicated intervals and the se- Time after transfer (days) 
rumwasanalyLadfbrSGm 
artivicy (24, HBsAg (AUSRIA-II, bcfbrr d), and and-= (l/bglo ofthe andbody k). 
Bekenansfer,SG~kvelswerealwayskssthan 100unitsperti~. ( B o t t o m ) S a u m ( 3 0 0 p l ) ~  
antibodytoHBsAg(titer, 1 x 10-5)daivedfiwnthev~primedsplecncel ldon~shown~qwas 
hpXted i n t l ; l e t o d y  i!lto IlXipiCIltS. Expehem were pechmd in triphCm; l y x C -  

sen~rrsultsmnansgeruc~tsTM289andTM212mshawnintheropandbottom,rrspecnvdy. 
Comparable changes were not obscrved in m w c  amtmIs (8). 

mice displayed biochemical evidence of liver 
cell injury (Fig. 1, top). The hepatocytc 
injury was caused by an immune response to 
the HBV-encoded antigens, because there 
was no injury detectable in transgenic recipi- 
ents of spleen cells fiom donors hyperim- 
munized with a wild-type vaccinia virus, nor 
in nontransgenic recipients of vHBs4- 
primed spleen cells (8). The importance of 
the immune response in this process is con- 
firmed by the observation that the severity 
and time of onset of liver cell injury in the 
transgenic recipients was proportional to the 
degree of sensitization of the primed spleen 
cell donors (8). 

Liver cell injury displayed biphasic kinet- 
ics after transfer of spleen cells from hyper- 
immunized donors. The early phase of inju- 
ry (days 3 to 7) corresponded with the rapid 

Fig. 2. Histological evidence of h e r  cell injury 
and lymphocytic infiltration 2 weeks &a adop 
tive transfer of 1 x 10' vHBs4-primed spleen 
cells into 107-5 transgenic mice. (A) Focal hepa- 
tocellular necrosis and parenchymal lymphoid in- 
filtrate arc evident. (8) Infiltration of lympho- 
mononudear cells in the portal tract is shown, 
with destruction of some marginal hepatocytes 
(piecemeal necrosis). Cells were stained with he- 
matoxylin and =in; original magnilication 
x 100. 

~ o f H B s A g f r o m t h e s e r u m  
and the appearance of fiee antibodies to 
HBs (anti-HBs) (Fig. 1, top), suggesting 
that early injury may be mediated by anti- 
body. The involvement of antibody was 
confirmed by the passive transfer of high- 
titer anti-HBs antiserum into transgenic re- 
apients. This induced the clearance of 
HBsAg fiom the serum in less than 24 
hours, concomitant with the appearance of 
fiee circulating anti-HBs and the elevation 
of serum glutamic-pyruvic mmamhase 
( S I T )  activity with kinetics compatible 
with immune complex-mediated disease 
(Fig. 1, bottom). Thus, an antibody-defined 
target antigen was present on the hepatocyce 
surface membrane. 

The late phase (days 14 to 21) of injury 
after transfer of vHBs4primed spleen cells 
(Fig. 1, top) occurred long after the dear- 
ance of HBsAg from the circulation. The 
delayed onset of injury was also seen after 
the transfer of spleen cells fiom mice with 
low anti-HBs titers. This late phase of liver 

Fig. 3. Antigenic specificity of HBV envelop- 
specific CTL. A 4hour assay was pcrfonned with 
"Cr-labeled target cells as described (23). T w  
were sv4O-tramfbnned pansgenic (horimnd 
bars) and nonaansgenic (solid bar) hcpatocyte 
cell lines and P815 (H-2*) cells transfected (diag- 
onal bars) or not transfaxed (open bar) with a 
plasmid vector pMAMneo [Clontech Labora- 
tories and (24), (P815-pdl)] containing the 
HBV (subtype ayw)-envelope hgmnt spanning 
nudeotides 2836 to 1407. This fragment directs 
the synthesis of the HBV large envelope plypep- 
tide (25). Effector target cell ratio was 1O: l .  All 
target cells were incubated with OH2 culture 
supematant (10%) for 24 hours befox analysis. 
JZxpmbents were pehrmed in duplicate. Stan- 
dard deviations were less than 5.3% of the report- 
ed value. 

all injury was characmized histologically 
by widespread heal hepatocellular necrosis 
and a lymphomononudear c d  infiltrate 
with associated lymphoid idtration in por- 
tal areas (Fig. 2), thus resembling the histo- 
logical picnur of chronic hepatitis in man 
(9). 
Because of these features, we fbcused on 

the wtential role of the cellular immune 
resp&se in the induction of delayed onset 
liver cell injury in this model. Lymph- 
s u b  were prepared fiom primed spleen 
tdls by separation on nylon wool followed 
by depletion with specific antibody plus 
complement (Table 1) (10) and they were 
injected intraperitoneally into transgenic 
mice and nontransgenic littermates. Liver 
cell injury was mediated only by the Lyt 2+ 
(CD8) T cell. We established a polyclonal 
HBsAg-spcci6c, MHC c l d c t e d  cyto- 
toxic T lymphocyte (CTL) line from primed 
spleen cells by repetitive in vim stimulation 
with syngeneic,- SV40-transformed trans- 
genic hepatocytes as described (11). The 

Table 1. L i  injury after adoptive mnsfer of vKC1-primed lymphocyte s u b .  SGPT activity was 
measured 2 weeks after adoptive mnsfer of 1 x lo7 lymphocytes and results represent the mean 
(+SEM) SGPT levels of three mice in each group. T and B cdls were separated from the total spleen cell 
population by nylon wool adherence (21) and negative s d d n  with subset-specific anabodics PIUS 
complement (10). Purity of lymphocyte fi?ctions was assessed by flow cytometry with fluorescein- 
conjugated MAbs to Thy-1.2, L3T4, and Lyt 2 (Ekcton Dickinson) and with rabbit antibodies to 
mouse immunoglobulin (Ig) (Zymed). 

Cdt surface markers (%) Recipienrs (SGPT Ull) 
Subset 

Thy-1 Ly 2+ L3T4 Ig Transgenic N o d  
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CTL line killed SV4O-transformed trans- 
genic hepatocytes and a stably transfected, 
MHC identical ( ~ - 2 ~ ) ,  mouse P815 masto- 
cytoma target cell line that expressed the 
entire HBV envelope region [P815- 
preS(l)], but not nontransgenic hepatocytes 
nor nontransfected control P8 15 cells (Fig. 
3). Cytotoxicity was enhanced when trans- 
genic hepatocyte target cells were treated 
with gamma-interferon, presumably because 
of enhanced expression of MHC by the 
hepatocytes (If), which normally express 
these determinants at very low levels (12). 

To define the antigenic specificity of the 
CTL line, P815 target cells were infected 
with a panel of three recombinant vaccinia 
viruses that express the major (HBsAg), 
middle [preS(2) and HBsAg], and large 
[preS ( I ) ,  preS(2), and HBsAg] envelope 
polypeptides (13-15). Results were com- 
pared with the killing of the stably transfect- 
ed P815-preS(1) cell line that expresses the 
large envelope polypeptide. Since all HBV 
envelope targets were equally susceptible to 
the cytolytic activity of the CTL line (16), 
the dominant specificity appeared limited to 
the common carboxy-terminal residues that 
specify HBsAg. 

To determine the fine specificity of the 
CTL response, we incubated P815 cells with 
a panel of synthetic peptides that encom- 
passed almost the entire preS and HBsAg 
sequence. The CTL-killed P815 cells that 
had been incubated with one of the HBs 
peptides (HBs2), which corresponds to ami- 
no acids 21 to 40 of the major envelope 
polypeptide (Fig. 4), indicate that this se- 
quence represents an important CTL epi- 
tope in the context of the H-2d haplotype. 
Eighteen clones were established from the 
CTL line by limiting dilution at one 
cell per well (16, 17). The antigenic fine 
specificity of five of these clones was studied 
and all revealed the same fine specificity 
( H B s A ~ ~ ~ ~ ~ )  as the parental CTL line, sug- 

gesting that it might have been monoclonal. 
Cytotoxic activity was MHC class I-re- 

stricted. Only HBsAg-positive, MHC-iden- 
tical (H-2d) P815 target cells were killed by 
the CTLs, whereas similarly treated HBsAg- 
positive, allogeneic (H-2b) mouse thymoma 
cells (EL-4; ATCC) were not killed (Fig. 5). 
The MHC class I-restriction element is 
probably located in the D region, since 
cytotoxicity was significantly blocked by a 
monoclonal antibody (MAb) to H - ~ D ~  (1 1) 
but not by MAb to H - ~ K ~  (1 1, 16). MHC 
class 11 elements were not involved since 
they are not expressed by the P815 target 
cells (18). The CTL line displayed a CD5' 
(loo%), CD8' (91.7%), and CD4- 
(0.2%) cell surface phenotype by fluorescent 
flow cytometry analysis (16). The HBsAgzl- 
40-specific cytolytic activity, therefore, was 
mediated by a classical, MHC class I (H- 
2~~)-restr icted cytotoxic T lymphocyte. 

To test the cytolytic capacity of the 
HBsAgz140-specific CTL in vivo, we trans- 
ferred the parental line and a derivative 
H B ~ A g ~ ~ ~ ~ - s p e c i f i c  CTL clone into 
syngeneic transgenic mice (lineage 107-5) 
and into their nontransgenic (B10.D2) lit- 
termates. Allogeneic (H-2b) transgenic mice 
(lineage 50-4) [previously designated Tg 
(Alb-1, HBV) Bri441 containing the same 
transgene (7, 19) were used as controls. 
Liver cell injury was detected in syngeneic 
transgenic mice less than 5 days after trans- 
fer of the parental line (Fig. 6), and a 
derivative clone was detected that displayed 
the same kinetics and magnitude of injury 
(16), further suggesting the clonal nature of 
the parental cell line. Injury was not detected 
after transfer of the same CTLs to syngeneic 
nontransgenic mice (Fig. 6) or allogeneic 
transgenic mice (16). These data indicate 
that H B ~ A g ~ ~ ~ ~ - s p e c i f i c ,  MHC class I-re- 
stricted, CD8' CTLs are fkctional in vivo 
and that endogenously synthesized HBV 
envelope antigens are expressed at the cell 

Fig. 4. Antigenic fine speci- l o o  

ficity of HBsAg-specific 
CTL. Cytotoxicity analysis 80 

was performed with MHC- 
identical P815 (H-2d) cell 5 
targets incubated during the a 60 

4-hour assay period with a 3 
panel of synthetic peptides 
(20 nucleotide oligomers at 3 
10 kg/ml) corresponding to E 
the HBV-envelope region 20 

(that is, preS and HBs) pre- 
pared by Multiple Peptide 
Systems. Cytotoxicity re- o 
sults were compared with + preSi l1-  F p r e S ( 2 l i  HBsAg 
the kihng of P8 15 cells that 
had been transfected with HBV envelope synthetic peptides 
pMAMneo-HBV envelope 
or with nontransfected P815 cells as positive and negative controls. Residues included in each peptide are 
indicated above each bar. The composition of HBs2 peptide is LLTFULTIPQSLDSWWTSLN. The 
effector: target cell ratio was 5 : 1, experiments were performed in duplicate, and standard deviations were 
less than 1.5% of the reported value. The data shown are representative of three independent experiments. 

0 1  
5 10 20 

Effector: Target ratio 

Fig. 5. MHC restriction of HBsAg-specific 
CTLs. Cytotoxicity was assessed with MHC- 
identical (P815, H-2d) and allogeneic (EL4, H-  
2b) targets, either transfected with pMAMneo- 
HBV env [P815-preS(l), open circle; EL4- 
preS(l), triangle] or incubated with the HBs2 
synthetic peptide (P815, diamond; EL4, solid 
square). Untreated parental cell lines (P8 15, solid 
circle; EL4, open square) were used as negative 
controls (4-hour "Cr-release assay was as de- 
scribed in the legend to Fig. 3). Effector:target 
cell ratios were as shown, studies were performed 
in duplicate, and standard deviations were less 
than 4.9% of the reported value. The data shown 
are representative of two independent experi- 
ments. 

0- 
-1 5 

Time after transfer 
(days) 

Fig. 6. Functional properties of HBsAgzlAo- 
specific CTL line in vivo in HBV transgenic mice. 
HB~Ag~,~,-specific CTLs (1 x lo7) were in- 
jected intraperitoneally into groups of three syn- 
geneic transgenic mice (solid line) and three 
nontransgenic littermates (broken line), and 
SGPT levels were measured 5 days later. Each 
point represents the SGPT activity in a single 
animal. The data presented are representative of 
two independent experiments. 

surface in a form that is recognized by such 
CTLs. 

Our data show that antigen-specific im- 
mune effector mechanisms can destroy 
HBV-positive hepatocytes in vitro and in 
vivo and demonstrate the experimental in- 
duction of classical CD8+, MHC class I- 
restricted, HBV-specific CTLs in response 
to, and specific for, endogenously synthe- 
sized HBV protein that was expressed in an 
immunologically recognizable manner at the 
hepatocyte surface in vivo. Together these 
observations establish the minimal require- 
ments for a pathophysiologically relevant 
CTL response in vivo. Antiviral antibodies 
may also be able to destroy infected hepato- 
cytes, a concept that has been, heretofore, 
considered unlikely (20). Since the experi- 
mental design favored the induction of an 
HBsAg groupspecific immune response, 
further studies designed to examine the 
pathogenetic potential of antibody and CTLs 
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specific for the remaining HBV-encoded 
antigens in multiple MHC backgrounds are 
needed to fully understand the relative abili- 
ty of the response to each HBV antigen to 
cause liver cell injury in viral hepatitis. The 
current studies in the HBV transgenic 
mouse system also represent a model for the 
analysis of the immunobiology and patho- 
genesis of other viral diseases for which 
alternative experimental systems do not ex- 
ist. 
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HIV- 1 Coat Protein Neurotoxicity Prevented by 
Calcium Channel Antagonists 

Coat protein gp120 from the human immunodeficiency virus type-1 (HIV-1) 
increased intracellular free calcium and injured rodent retinal ganglion cells and 
hippocampal neurons in culture. Highly purified recombinant gp120 envelope protein 
produced these effects in a dose-dependent fashion at picomolar concentrations. 
Imrnunoprecipitation with antibody to gp120, but not with control immunoglobulin- 
containing serum, depleted solutions of the viral envelope protein and also prevented 
both the rise in intracellular calcium and neuronal toxicity. The gpl20-induced 
increase in intracellular calcium was abrogated by transiently lowering extracellular 
calcium or by adding the dihydropyridine calcium channel antagonist nimodipine (100 
nM). Calcium channel antagonists also prevented gpl20-induced neuronal injury. In 
addition, intracellular stores appeared to contribute substantially to the increase in 
calcium elicited by gp120. Since increases in intracellular calcium have been associated 
with neurotoxicity, it is possible that an injurious effect of gpl20 on neurons might be 
related to this mechanism and that treatment with calcium channel antagonists may 
prove useful in mitigating HIV-1-related neuronal injury. 

OTH NATIVE AND RECOMBINANT VI- 
ral envelope protein gp120 of HIV- 
1 have been found, even in the 

absence of infectivity, to produce neuronal 
cell injury in the mammalian central nervous 
system, specifically in cultures of hippocam- 
pal (1) and retinal ganglion cell neurons (2). 
This finding may account at least in part for 
the neurological manifestations of demen- 
tia (3) and blindness (4) encountered in 
acquired immunodeficiency syndrome 
(AIDS). An increase in intracellular neuro- 
nal ca2+ is associated with and apparently 

responsible for several forms of neurotoxici- 
ty, including that mediated by excitatory 
amino acids binding at the N-methyl-D- 
aspartate receptor (5; 6). Thus, a reasonable 
mechanism for gp120 neurotoxicity might 
be postulated to involve an increase in intra- 
cellular Ca2+. Furthermore, since gp120 
had been reported to increase intracAlular 
ca2+ in T lymphocytes ( 7 ) ,  we decided to 
examine the effect of this viral envelo~e 
protein on Ca2+ in mammalian central n&- 
rons. 

The concentration of intracellular free 
ca2+ (~Ca"1;) was measured in Dostnatal 

\ L  J., 

E. B. Dreyer, Department of Neurology, The Children's rat retinal ganglion cells (8 )  by digital imag- 
Hospital; Department of Ophthalmology, Massachusetts 
E~~ and E~ idrmary, and ~~~~~d ~ ~ d i ~ a l  school, ing microscopy with the Ca2+-sensitive fluo- 
Boston, MA 021 15. rescent dye fura 2 (9). Application of 200 
P. K. Kaiser and J. T. Offermann, Depamnent of 
Neurolow. The Children's H o s ~ i t d  and Haward Medi- pM purified gp120 a recorn- 
cal Sch&l,'~oston, MA 021 15: binant source (10) produced a striking in- 
S. A. Li ton De artment of Neurolo The Children's 
~ o s ~ i t a f I  ~ ; t h  Erael Hos itd ~ r i ~ $ n  & Women's crease in [ca2+]i (Fig. 1). Compared to 
Hos ital; and Program in &eur~science, Hmard  Medi- control levels ([Ca2+li = 63 2 4 nA4, mean 
cal &ool, Boston, MA 02115. 2 SEM, n = 42) obtained before the addi- 
*To whom correspondence should be addressed. tion of coat protein, levels increased 33-fold 
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