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It is generally accepted that the host’s immune response rather than the virus itself is causing the hepatocellular
damage seen in acute and chronic hepatitis B virus (HBV) infections. However, in situations of severe immune
suppression, chronic HBV patients may develop a considerable degree of liver disease. To examine whether HBV has
direct cytopathic effects in severely immune compromised hosts, we have infected severe combined immune deficient
mice (uPA-SCID), harboring human liver cells, with HBV. Serologic analysis of the plasma of HBV-infected
animals revealed the presence of extremely high amounts of viral genomes and proteins. Histological analysis
of the livers of uPA-SCID chimeras infected with HBV for more than 2 months showed that the majority of
human hepatocytes had a ground-glass appearance, stained intensely for viral proteins, and showed signs of
considerable damage and cell death. This histopathologic pattern closely resembles the picture observed in the
livers of immunosuppressed HBV patients. These lesions were not observed in animals infected with HBV for
less than 1 month. Ultrastructural analysis of long-term-infected hepatocytes showed a highly increased
presence of cylindrical HBsAg structures, core particles, and Dane particles compared to short-term-infected
hepatocytes. These long-term-infected hepatocytes also contained elevated amounts of HBV cccDNA. In con-
clusion, HBV causes dramatic intracellular changes and hepatocellular damage in the human hepatocytes that
reside in a severely immune deficient mouse. These lesions show much resemblance to the ones encountered
in immunosuppressed chronic HBV patients. Our observations indicate that HBV may be directly cytopathic
in conditions of severe immune suppression.

Hepatitis B virus (HBV) is considered to be a noncytopathic
virus, and the hepatocellular damage observed during acute
and chronic HBV infections is thought to be mediated by the
host’s immune response to the virus (6). More than 90% of
immune competent adults who become infected with HBV
display a vigorous, polyclonal, and multispecific antiviral im-
mune response that results in a rapid reduction of the viral
load and a long-lasting, protective immunity. About 5% of
infected immune competent adults and a large proportion of
neonates (up to 90%) and young children are unable to mount
an immune response of sufficient magnitude and complexity to
clear the virus and develop a chronic infection with various
degrees of necro-inflammatory liver disease. Self-limiting and
chronic HBV infections represent different stages of a dynamic
equilibrium between the immune response of the host and the
replicative capacity of the virus.

Suppression of the immune system by immunosuppressive
agents or by progressive immune failure in the context of
acquired immune deficiencies (e.g., human immunodeficiency
virus/AIDS) may lead to reactivation of seemingly recovered
or “silent” HBV infections (1). This generally presents as a

reappearance of “classic” HBV markers such as HBsAg,
HBeAg, and HBV DNA, in the absence of overt liver disease
and/or elevated levels of transaminases. In addition, chronic
HBV carriers who undergo an immunosuppressive therapy for
an autoimmune disorder (62) or after liver (3, 11, 32), renal (5,
27), or bone marrow (43) transplantation or who are treated
with chemotherapy for non-Hodgkin lymphoma (39) experi-
ence increased viremia accompanied by intensified viral pro-
tein expression in the infected hepatocytes. In a minority of
these immunosuppressed patients, this liver disease may evolve
toward fibrosing cholestatic hepatitis (FCH), an aggressive and
mostly fatal form of viral hepatitis. FCH is associated with
increased viral replication (42) and is characterized histologi-
cally by high intrahepatic expression of viral proteins, diffuse
hepatocyte ballooning, the presence of ground-glass hepato-
cytes, prominent cholestasis, and periportal fibrosis (3, 5, 11,
27, 32, 42).

To examine whether this particular disease course is related
to the severe immunosuppression encountered in these pa-
tients, we have studied the evolution of an experimental HBV
infection in the human liver-uPA-SCID model (46). This
model is based on the successful transplantation of uPA mice
(24, 51, 52), backcrossed on the immune deficient SCID
mouse, with primary human hepatocytes. We have recently
shown that, after transplantation, up to 85% of the liver of
these chimeric animals is repopulated by well-organized hu-
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man hepatocytes that retain their normal cell functions and
characteristics (46).

In addition, we compared the changes induced by HBV in
this animal model with immunohistochemical and ultrastruc-
tural observations made in liver biopsies of an immunosup-
pressed patient with HBV-induced FCH and with literature
data on this syndrome.

We show that HBV infection of human hepatocytes in im-
mune deficient uPA mice induces a clinicopathological syn-
drome that closely resembles the picture in severely immu-
nodepressed chronic HBV patients, which indicates that the
hepatocellular damage in these HBV patients is caused by
endogenous cytopathic effects of the virus itself.

MATERIALS AND METHODS

Patient with HBV-induced FCH. In the present study, we have examined
histologically a needle liver biopsy and fragments from the explant liver of a
patient with HBV-induced FCH. The patient was a 54-year-old female chronic
hepatitis B carrier who developed hemolytic-uremic syndrome, possibly induced
by a severe, acute gastroenteritis. She was treated with plasmaferesis, hemo-
dialysis, and corticosteroids and intermittently with vincristine and cyclosporine.
The immunosuppressive treatment elicited a FCH, which was confirmed by
needle liver biopsy. Treatment with lamivudine could not prevent the develop-
ment of subacute liver failure, and the patient underwent a liver transplantation.

Production of human liver-uPA-SCID mice and infection with HBV. Human
hepatocytes were isolated via a standard collagenase digestion (46) from tumor-
free liver fragments, collected from three patients undergoing a partial hepatec-
tomy. All patients gave written, informed consent, and the study protocol was
approved by the Ethical Committee of the Ghent University Hospital. Within 2
weeks after birth, nine homozygous uPA-SCID mice (47) were transplanted with
one million human hepatocytes (three mice with donor 1 hepatocytes, four mice
with donor 2 hepatocytes, and two mice with donor 3 hepatocytes). At selected
moments, plasma was taken and stored at �80°C until analysis. To evaluate graft
take and survival, human albumin was determined by using an in-house enzyme-
linked immunosorbent assay (46).

Five weeks after the transfer of hepatocytes and the demonstration of suc-
cessful engraftment, these nine chimeric mice were infected with HBV via an
intraperitoneal injection of 100 �l of serum from a patient that was suffering
from a mild chronic hepatitis B infection for at least 17 years. This serum
contained 107 copies of HBV DNA/ml and was positive for HBsAg and HBeAg
and negative for anti-HBs and antibodies against HCV, HDV, and human
immunodeficiency virus.

Detection and quantification of viral DNA, HBsAg, and HBeAg. HBV DNA
levels in mouse EDTA plasma were quantified by using the Cobas Amplicor
HBV Monitor test (Roche Diagnostics, Mannheim, Germany). HBsAg and
HBeAg levels were measured with a modified protocol of the Axsym HBsAg V2
and the Axsym HBe 2.0 system (Abbott, Chicago, Ill.), respectively. Internal
calibration panels, standardized to the NIBSC HBsAg standard (international
units [IU]/ml) and to the Paul Ehrlich Institute standard for HBeAg (Paul
Ehrlich Institute units [PEIU]/ml), were serially diluted to generate two calibra-
tion curves of fluorescence rate versus concentration. The concentrations of
HBsAg and HBeAg in plasma samples were determined by interpolation of the
fluorescence rate on 5-point and 7-point calibration curves, respectively.

UPA-SCID mice livers used for histopathological evaluation. The livers of
seven uPA-SCID mice were used for extensive histopathological evaluation. Two
HBV-infected animals were sacrificed 21 and 25 days after inoculation and are
referred to here as “short-term infected,” whereas two other infected animals
were sacrificed 73 and 88 days after infection. These animals are referred to as
“long-term infected.” The liver pathology in these livers was compared to that in
a 2-week-old untransplanted, uninfected uPA-SCID mouse and that in two
chimeric mice 36 and 78 days after transplantation with human hepatocytes. The
latter animals were not inoculated with HBV.

Preparation of tissues for histological study. The largest fragment of each
mouse liver was fixed in either B5-fixative or 6% formalin and then embedded in
paraffin. A small part of each fresh liver was fixed in 2.5% glutaraldehyde–0.1 M
phosphate buffer and prepared for standard electron microscopy. The remainder
was snap-frozen in liquid nitrogen-cooled isopentane and stored at �80°C until
further use.

The largest part of the needle biopsy of an FCH patient was fixed in B5 fixative

and embedded in paraffin. Small fragments were snap-frozen or fixed in glutar-
aldehyde for electron microscopy. Five large biopsies were randomly taken from
the explant liver and embedded in paraffin after fixation in 6% formalin. Small
fragments were snap-frozen or fixed in glutaraldehyde for electron microscopy.

Histology. Four-micrometer-thick sections from paraffin-embedded liver tis-
sue were stained with hematoxylin and eosin (H&E) for overall histopathological
evaluation, periodic-acid-Schiff (PAS) to assess cellular polysaccharide deposits,
PAS after predigestion with amylase (PAS�) to detect ceroid macrophages,
Sirius red for fibrosis, and Hall-Van Gieson to detect bilirubinostasis (2, 40, 41).
Five-micrometer-thick sections from frozen liver tissue were fixed in acetone for
10 min after overnight drying, followed by an oil red O (ORO) staining to
visualize steatosis (2).

Immunohistochemistry. Four-micrometer-thick sections from paraffin-em-
bedded tissue were deparaffinized and rehydrated. Incubation with the primary
antibodies was performed at room temperature for 30 min, followed by a wash
in three changes of phosphate-buffered saline for 5 min. The primary antibodies
used to detect and study the different cell types of human liver within the mouse
livers were as follows: a polyclonal rabbit antibody to human albumin (dilution
1/200; Dako, Denmark) and monoclonal mouse antibodies to human hepatocytes
(hepatocyte paraffin 1 or Heppar-1, dilution 1/50; Dako), mitochondria (clone
113-1, dilution 1/100; Chemicon), pan-cytokeratin (clone KL1, dilution 1/50;
Immunotech), cytokeratin 8 (CK8; clone 35betah11, dilution 1/100; Dako), CK18
(clone CD10, dilution 1/10; Dako), CK7 (clone OV-TL12/30, dilution 1/50;
Dako), and CK19 (clone RCK108, dilution 1/20; Dako). The antibodies to
albumin and Heppar-1 are well-established markers of hepatocytes (59). The
different anti-keratin antibodies were used to detect all human epithelial cells.
Their staining intensity and pattern and the morphology of the positive cells
makes it possible to recognize mature hepatocytes, bile duct epithelial cells, and
cells of the progenitor cell compartment (i.e., hepatic progenitor cells, interme-
diate hepatocyte-like cell and reactive ductular cells) (37). Expression of viral
proteins was assessed by using a polyclonal rabbit antibody to HBcAg (dilution
1/200; Dako) and monoclonal mouse anti-human antibodies to HBsAg (clone
H1, dilution 1/80; ForLab, Belgium). The monoclonal mouse anti-human anti-
body Ki67 (clone Mib-1, dilution 1/100; Dako) was used to assess the prolifer-
ative status of human hepatocytes (20). To evaluate both human and mouse cells,
polyclonal rabbit antibodies against human cytokeratins (dilution 1/20; Dako)
and CEA (dilution 1/300; Dako) were used (15, 36). The polyclonal antibody to
CEA is a marker for canaliculi (33). For all mouse monoclonal antibodies and
the rabbit polyclonal anti-cytokeratin antibody, the secondary antibodies were
undiluted anti-mouse and anti-rabbit Envision (Dako), respectively. Sections
wherein the incubation with the first and/or secondary/tertiary antibodies were
omitted, and fully processed sections of liver tissue from untransplanted animals
served as controls. Positive controls consisted of selected liver biopsies from the
clinical routine that were stained with these antibodies.

Quantitative assessment of the different human liver cell types present in
uPA-SCID liver. To measure the fraction of liver parenchyma represented by
human hepatocytes, digital pictures (total of seven to eight pictures per liver)
were taken with a �5 objective lens. Using Adobe Photoshop 7.0, the number of
pixels within the total liver parenchyma (excluding large portal veins, areas of
calcifications, red foci, and areas without tissue) was determined and compared
to the number of pixels within delineated human hepatocyte areas. To quantify
proliferating hepatocytes, the number of Ki67 nucleus-positive hepatocytes was
counted in random fields containing at least 300 human hepatocytes.

HBV genotyping and sequencing. Total DNA from the infecting inoculum and
from mouse plasma was extracted by using the QIAamp DNA Minikit (QIAGEN
GmbH, Hilden, Germany) according to the manufacturer’s instructions. The
HBV isolates were genotyped by using the method of Lindh et al. (38). Primers
P7 and P8 were used to amplify nucleotides (nt) 256 to 796 of the S region. The
amplicon was then cleaved by using restriction enzymes HinfI and Tsp509I, in
separate reactions to give the characteristic restriction fragment length polymor-
phism patterns for the different genotypes.

The full sequence of the HBV strains was obtained by amplifying overlapping
regions of the genome as follows: (i) with a single-round PCR with the primer
pairs P7 and P8 (nt 230 to 796) (38), 455(�) and 1800(�) (29), and 2408(�) and
1327(�) (49); (ii) with a nested PCR with primer pairs 1689(�) and 2498(�) for
the first round (I) and 1898(�) and 2396(�)for the second round (II) (49),
1689(�) and 685(�) (I) and 2267(�) and 2858(�) (II), and 1730(�) and
2043(�) (I) and 1763(�) and 1966(�) (II) (49). The amplicons were prepared
for direct sequencing by using the BigDye Terminator v3.0 Cycle Sequencing
Ready Reaction Kit (Applied Biosystems, Foster City, Calif.) and sequenced on
a Spectrumedix SCE2410 (SpectruMedix LLC, Pennsylvania). In addition to the
primers used for amplification, HBV-specific primers [112(�), 970(�), 1373(�),
2807(�), 472(�), 1009(�), 1920(�) (5�-ATT TGG AGC TAC TGT GGA G-3�),
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and 2352(�) (5�-TCT AAC AAC AGT ATT CTC-3�)] were used for sequencing.
All sequences were analyzed in both the forward and reverse directions. Com-
plete HBV genome sequences were compared to corresponding sequences of
HBV from GenBank.

HBV RNA detection in the liver. Frozen liver tissues were dissolved in guani-
dine-isothiocyanate solution, and RNA was extracted by the acid-guanidinium
phenol-chloroform method (8). Total RNA (10 �g) was analyzed by Northern
blotting and probing for HBV and GAPDH exactly as described previously (21).

HBV DNA detection in the liver. Total liver DNA was extracted from frozen
liver biopsy samples as described previously (22), and the levels of HBV DNA
replicative intermediates were determined by quantitative real-time PCR using a
Bio-Rad iCycler system exactly as described previously (56).

HBV cccDNA quantification in the liver. Covalently closed circular DNA
(cccDNA) was isolated from frozen liver biopsies and analyzed by Southern
blotting and by quantitative real-time PCR for quantification exactly as described
previously (60). For quantification of mitochondrial DNA derived from the
human hepatocytes, the following primers specific for human mitochondrial
DNA were used: HsMito3362U, 5�-TCCTAATGCTTACCGAACGA-3�; and
HsMito3442L, 5�-GCGTCAGCGAAGGGTTGTAG-3�. The number of human
hepatocytes represented in the total DNA samples was determined by quantita-
tive real-time PCR of total liver DNA for the cellular gene IMAP1 (30) using
primers specific for the human IMAP gene: hIMAP3652U, 5�-TTTTCAGCT
CCCAAGTGTCC-3�; and hIMAP3703L, 5�-GCCGAGAGCAGGTAGCAGT-3�,
and human genome copy numbers were obtained by comparing the IMAP PCR
results with a dilution series of purified genomic human DNA (Clontech, Moun-
tain View, CA) under the assumption that �6-pg genomic DNA represent one
hepatocyte.

Statistics. Statistical analysis was performed by using GraphPad Prism v4.
Before regression analysis, the normality of distribution of HBsAg, HBeAg,
HBV DNA, and albumin was assessed by the Kolmogorov-Smirnov test. Survival
curves were created by using Kaplan-Meier analysis.

RESULTS

Hepatocyte transplantation and engraftment. Nine uPA-
SCID mice, successfully transplanted with primary human
hepatocytes, were infected with 106 HBV genome copies. Sev-
enteen days later, EDTA plasma was analyzed for the presence
of HBsAg, HBeAg, and HBV DNA. Eight of the nine animals

were positive for these viral markers. The one negative animal
showed signs of infection 2 weeks later, when HBsAg, HBeAg,
and HBV DNA appeared in the plasma.

Kinetic study of HBV markers. To study the progression of
the HBV infections in uPA-SCID mice, we quantified the viral
proteins and DNA in the mouse plasma. Figure 1A shows the
evolution of the virologic parameters, together with the human
albumin levels, obtained in six mice and shows that 2.5 weeks
after injection of HBV the mean HBV DNA titer was 1.4 �
1010 copies/ml, while HBeAg and HBsAg reached levels of 107
PEIU/ml and 788 IU/ml, respectively. Serologic HBV param-
eters peaked between 4 and 5 weeks after infection and
reached a mean HBV DNA level of 5 � 1010 copies/ml, a mean
HBeAg level of 602 PEIU/ml, and a mean HBsAg level of
14,398 IU/ml. From then on three animals appeared clinically
sick and died within 2 weeks. One month later, the surviving
animals had either equal or lower HBeAg and HBsAg levels,
and all had lower HBV DNA levels in their plasma. The
clinical condition of two animals rapidly deteriorated, and they
died 4 days later. Only one mouse survived beyond 12.5 weeks
after infection. In all animals, clinical deterioration coincided
with a dramatic drop of human albumin levels in plasma. The
median life span of the HBV-infected animals was 50 days
after infection or 85 days after transplantation. This is signifi-
cantly shorter (P � 0.0001) than the survival of uninfected
mice (Fig. 1B), which survived for at least 220 days after trans-
plantation and maintained a human albumin concentration in
their plasma ranging between 4 and 6 mg/ml.

Correlation between HBV DNA and viral proteins. When
HBsAg levels were compared to the levels of HBeAg in the
plasma of the infected animals, a strong and linear correlation was
observed (r 	 0.9808, P � 0.0001) (Fig. 2A). Figure 2B shows a
linear correlation between HBV DNA and both HBsAg (r 	

FIG. 1. (A) Overview of plasma analysis of 6 HBV-infected human liver-uPA-SCID mice. The concentration of human albumin (Hu-Alb) and
HBsAg can be deduced from the left axis, while HBeAg and HBV DNA concentrations can be derived from the right axis. In general, all HBV
markers (HBsAg, HBeAg, and HBV DNA) increased up to 5 weeks after infection. Later on, the concentrations of viral proteins dropped
impressively and coincided with a drastic decrease in secreted human albumin. The drop in viral proteins is also accompanied with a reduction in
produced virions. (B) Kaplan-Meier graph illustrating the survival of human liver-uPA-SCID mice. HBV-infected animals show a significantly
shorter life span compared to uninfected counterparts.
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0.8710, P � 0.0001) and HBeAg (r 	 0.9344, P � 0.0001). The
absence of any correlation between the human albumin levels
and the HBV markers (Fig. 2C) indicates that the correlations
highlighted before are specific for viral protein expression and
replication.

Sequence analysis of HBV. The HBV strains amplified from
the infecting inoculum and from the mouse plasma (88 days
after inoculation) both belonged to genotype E, serological
subtype ayw4. The complete genomes of the two HBV iso-
lates were sequenced and compared by phylogenetic analysis
to the 17 complete sequences of genotype E in the GenBank
database (AB091255, AB091256, AB032431, X75657, X75664,
AB106564, AY738144, AY739675, and DQ060822 to
DQ060830 (A. Kramvis et al., submitted for publication, and
data not shown). Both isolates had a genome length of 3,212 nt
characteristic of genotype E, and their sequences were identi-
cal (GenBank accession no. AY935700).

The pre-S1 sequence was completely conserved, whereas a
single missense mutation relative to other genotype E se-
quences was found in the pre-S2: T53C (Phe22Leu). The poly-
merase open reading frame (ORF) was well conserved relative
to other genotype E sequences except for an amino acid sub-
stitution within the reverse transcriptase rtSer212Thr as a re-
sult of the T766A missense mutation. The following missense
mutations were detected in the X ORF overlapping the basic
core promoter: T1753C (Ile127Thr), A1762U (Lys130Met),
and G1764A (Val131Ile). The core region contained four mis-
sense mutations: A2092T (Glu64Asp), C2093G (Leu65Val),
A2099T (Thr67Ser), and A2159G (Ser87Gly).

Histology. The histological findings of the livers from unin-
fected, short-term HBV-infected and long-term HBV-infected
animals are hereafter described in this order. However, we
present the figures of short-term and long-term-infected ani-
mals side to side to illustrate the differences between both
conditions in the best way. For this reason, the order of figures
does not always follow the flow of the text.

Histologic analysis of the livers of transplanted, uninfected
uPA-SCID mice. At 36 and 78 days after transplantation, the
livers of two uninfected animals were examined. Mature hu-
man hepatocytes could easily be recognized because they are
larger in size than their murine counterparts and, in addition,
they stained positive for Heppar-1, human albumin, mitochon-
dria, and CK8/18. All of these markers were negative on tissue
derived from untransplanted control animals. We recently
found (46) that the human hepatocytes tend to accumulate
glycogen in the cytoplasm, which results in the typical “plant-

like” morphology that is also seen in all glycogen storage dis-
eases, except in type IV. Steatosis of human hepatocytes was
minimal. At 25 days after transplantation, one-quarter of the
liver parenchyma was occupied by nodules of human hepato-
cytes. Ki67 staining showed that 18% of human cells were
proliferating. In contrast to the sick mouse liver parenchyma,
the regions occupied by human hepatocytes contained almost
no ceroid macrophages. At 73 days after transplantation, 66%
of the liver parenchyma was of human origin. Only 6% of
human cells were still proliferating, and ceroid macrophages
were still rare within the human zones. Except for glycogen
storage, human hepatocytes showed no abnormalities. Besides
mature hepatocytes, the host liver also contained human he-
patic progenitor cells, which were recognized on the basis of
their characteristic morphology and immunohistochemical
phenotype (37).

Histologic and ultrastructural analysis of the liver of short-
term-infected animals. Two uPA-SCID mice, transplanted
with human hepatocytes and subsequently infected with HBV,
were sacrificed 21 and 25 days after infection. Figure 3A shows
that also in this animal and in no way different from the livers
of noninfected mice, human hepatocytes were excessively
loaded with glycogen and formed large areas occupying 34 and
87% of mouse liver parenchyma, respectively. Apart from the
glycogen storage, no other signs of damage or cell loss were
seen. The human hepatocytes stained strongly for human al-
bumin (Fig. 3B), and ceroid macrophages were confined to the
mouse areas (Fig. 3C). Hepatocytes staining for Ki67 were scat-
tered over the liver and accounted for 10% of all human hepato-
cytes. There were no human hepatocytes with a “ground-glass”
aspect of the cytoplasm.

Figure 4A shows that 25 days after infection almost all hu-
man hepatocytes stained for HBcAg, displaying a strong signal
in the nucleus and a moderate one in the cytoplasm. At 21 days
after infection, 50% of the human hepatocytes stained positive
(not shown). The cytoplasm of the human hepatocytes almost
always had a granular staining for HBsAg, frequently with an
accentuation near the cell membrane (Fig. 4B). Whereas al-
most all human hepatocytes stained positive for HBsAg 25
days after inoculation, only 10% stained positive 21 days after
infection. The staining patterns and intensities are similar to
those observed in liver biopsies of patients with chronic HBV
in the viral replicative phase. The number of positive hepato-
cytes is usually lower in human liver biopsies (14).

In addition to human hepatocytes and diseased mouse hepato-
cytes, seven red foci (mouse regenerative nodules that have

FIG. 2. (A and B) Plasma analysis of HBV-infected animals revealed linear correlations between HBsAg and HBeAg (r 	 0.9808, P � 0.0001)
(A) and between HBV DNA and HBsAg (r 	 0.8710, P � 0.0001) and HBeAg (r 	 0.9344, P � 0.0001) (B). (C) In contrast, no correlation between
any viral marker and human albumin (HBV DNA and human albumin, r 	 0.244, P 	 0.4006) could be demonstrated.
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deleted the uPA transgene) were also present in the liver of
one short-term-infected animal. These consisted of 21 to 88
hepatocytes that were partly or completely surrounded by
areas of human hepatocytes. The interface between red foci
and human areas was neither sharply delineated nor com-
pressed, and the two cell types seemed to infiltrate each other’s
“territories.” These findings suggest that the human hepato-
cytes and the transgene-free mouse hepatocytes are respond-
ing equally well to the available growth stimuli. As in nonin-
fected mouse livers, human hepatic progenitor cells and
intermediate hepatocyte-like cells were focally present at the
human-mouse parenchymal interface.

Using electron microscopy, noncoated viral particles with a
diameter of 21 to 24 nm, corresponding to HBV core particles,
could be observed dispersed in the nuclei of several human
hepatocytes. In the cisternae of the endoplasmic reticulum,
one or two longitudinally transected tubules and cross-sec-
tioned spheres of HBsAg were present. In some cisternae, core
particles, surrounded by a clear halo and a dark ring approx-
imately 40 nm in size, corresponding to Dane particles were
observed. In addition to the presence of viral and subviral
particles, no ultrastructural alterations could be observed in
these hepatocytes compared to those of noninfected animals.

Histologic and ultrastructural analysis of the livers of long-
term-infected animals. The clinical condition of the HBV-in-
fected animals deteriorated over time, and some animals died
spontaneously. Two mice that looked clinically “terminal” (in-
fected for 73 and 88 days) were sacrificed to examine their livers.
In these mice, the cytoplasm of most human hepatocytes had a
“ground-glass” appearance (Fig. 3D) and no longer showed the
excessive accumulation of glycogen, observed in uninfected or
short-term-infected mice. The stainings for CK8, CK18, pan-cyto-
keratin, albumin, Heppar-1, and mitochondria were diffusely
positive in most human hepatocytes. The intensity of the stain-
ing for albumin was much weaker compared to the four other
markers (Fig. 3E). This was not the case in the short-term-
infected livers (Fig. 3B). Small areas of diseased mouse liver
parenchyma were separated from each other by large areas of
human hepatocytes that occupied 70% (73 days postinfection)
and 50% (88 days postinfection) of the liver parenchyma.
Within the human parenchyma, scattered ceroid macrophages
were seen that sometimes formed small clusters (Fig. 3F),
indicating considerable loss and damage of human hepato-
cytes. Occasionally, degenerative and apoptotic hepatocytes
were observed, but never signs of bilirubinostasis. In a com-
plete section, only five human hepatocytes were Ki67 positive,

FIG. 3. Comparison of liver architecture of short-term (A, B, and C) and long-term (D, E, and F) HBV-infected human liver-uPA-SCID mice.
Human hepatocytes (H) in short-term-infected animals have a pale appearance on H&E staining (A) due to the accumulation of glycogen as shown
by PAS staining (inset). Diseased mouse hepatocytes (M) are devoid of glycogen. (B) Staining for human albumin shows that short-term infection
does not compromise the functionality of the human hepatocytes. (C) PAS� staining on the same livers shows that ceroid macrophages, an
indication of cell loss, are confined to the diseased mouse regions. (D) The majority of long-term HBV-infected human hepatocytes have a
ground-glass appearance on H&E staining, whereas these were absent in uninfected and short-term-infected livers. The insert shows a magnifi-
cation of human ground-glass hepatocytes. (E) Long-term HBV infection results in an overall deterioration of the condition of the cells as shown
by the decreased albumin production. (F) Large amounts of ceroid macrophages are now also present in the regions occupied by human
hepatocytes, indicating that long-term infection causes the death of human hepatocytes. Original magnifications: A, C, D, and F, �200; insets, B,
and E, �400.
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which is much less than in the uninfected and short-term HBV-
infected livers containing a comparable amount of human cells.
The liver sections also revealed seven red foci consisting of 16 to
43 hepatocytes. In contrast to the picture seen in short-term
infection, these red foci were sharply delineated and mildly com-
pressed the surrounding human parenchyma, which indicates that
the hepatocytes in these red foci have a growth advantage over
the long-term-infected human hepatocytes.

The immunohistochemical staining for HBcAg (Fig. 4C)
showed a very intense staining of hepatocyte nuclei and a less
intense, but still pronounced staining of cytoplasm and cell
surface membranes. The staining for HBsAg (Fig. 4D) showed

that the cytoplasm of most hepatocytes contained high
amounts of this viral protein. In some hepatocytes with a less
intense staining of the cytoplasm, membranous staining be-
came apparent. Overall, the staining intensities were much
higher than in the livers of the short-term-infected mice.

Several human hepatic progenitor cells and intermediate
hepatocyte-like cells were present not only at the human-
mouse parenchymal interface but also within the human pa-
renchymal areas (Fig. 5). This leads to higher numbers of
human progenitor and intermediate cells in long-term-infected
animals than in short-term or noninfected animals.

Ultrastructural analysis showed that long-term HBV-in-

FIG. 4. Immunohistochemical staining for HBcAg (A, C, and E) and HBsAg (B, D, and F) on liver sections of short-term (upper panel) and
long-term (middle panel) HBV-infected human liver-uPA-SCID mice and biopsies from a patient suffering from FCH (lower panel). We can
clearly observe a highly increased presence and difference in the distribution of both viral proteins in long-term-infected tussue compared to
short-term-infected tissue. The amount and pattern of HBcAg and HBsAg staining on the long-term-infected liver corresponds very well to the
one observed in liver tissue derived from the FCH patient. Original magnifications, �200.
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fected hepatocytes were swollen, ballooned, and considerably
damaged. This was never observed in the livers of the short-
term-infected mice. The nuclei of most human hepatocytes
were completely filled with noncoated round HBV core parti-
cles with diameters of 21 to 24 nm. In the cytoplasm of these
hepatocytes, nearly all of the cisternae of the endoplasmic
reticulum displayed cystic dilations that contained numerous
HBsAg tubules and spheres and complete Dane particles
(Fig. 6A). Unlike the livers of the short-term-infected and
noninfected mice, glycogen granules were scarce in these bal-
looned human hepatocytes loaded with virus. Human hepato-
cytes that contained fewer viral particles and showed less cell
damage were scarce.

Dysplasia or malignant transformation of human hepato-
cytes, or tumor cells of the type for which the patient under-
went liver surgery were never seen.

Histologic and ultrastructural analysis of liver tissue from a
patient with HBV-induced FCH. The needle biopsy and the
fragments of the explant liver showed periportal fibrosis with
occasional formation of a septum, vague nodularity of the
parenchyma, and perisinusoidal fibrosis. The periportal area
contained an impressive ductular reaction that extended into

FIG. 5. Immunohistochemistry for human cytokeratin 7 on a
liver section from a chimeric mouse long-term infected with HBV.
Hepatic progenitor cells (arrows), as well as cells with a phenotype
intermediate between progenitors and mature hepatocytes (arrow-
heads), are not only located at the interface between human
(H) and mouse (M) hepatocytes but also within human paren-
chyma. Staining with anti-cytokeratin 19 confirms the presence of
human hepatic progenitor cells (inset). Original magnifications:
main image, �200; inset, �400.

FIG. 6. Electron micrograph of a human hepatocyte in the liver from a long-term-infected chimeric mouse (left) and in the liver of a patient
with HBV-induced FCH (right). (A and B) Numerous amounts of HBV core particles (open arrows) are obvious inside the nucleus, whereas
complete Dane particles (arrow) are present in the cisternae of the endoplasmic reticulum. (C and D) These cisternae are dilated and contain large
amounts of HBV surface tubules. Original magnification: �77,000.
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the lobular parenchyma. Singular hepatic progenitor cells and
intermediate hepatocyte-like cells were scattered throughout
the parenchyma. The parenchyma showed several signs of con-
siderable cell damage and loss: (i) some hepatocytes showed
ballooning, (ii) there were numerous ceroid macrophages that
sometimes formed clusters, and (iii) a few areas of confluent
necrosis were present. The cytoplasm of a considerable pro-
portion of hepatocytes had a “ground-glass” aspect. There was
also prominent bilirubinostasis. Bilirubin droplets were present
in hepatocytes, bile canaliculi, and frequently in bile ductules
with dilated lumina and damaged epithelium. The parenchy-
mal inflammatory infiltrate was only mildly increased.

The immunohistochemical staining for HBcAg (Fig. 4E)
showed a very intense staining of nearly all hepatocyte nuclei
and a less intense, but still marked, staining of cytoplasm and
membrane. The cytoplasm of almost all hepatocytes stained
intensely positive for HBsAg (Fig. 4F). Remarkably, some cells
from reactive bile ducts were also positive for HBsAg and
HBcAg, a feature that has been described previously in chronic
HBV infection (13). Striking similarities between the livers of
the long-term HBV-infected mice and the human liver with
HBV-induced FCH were the presence of extensive hepatocyte
damage and loss, the pattern and intensity of immunohisto-
chemical HBV stainings, and the presence of only a mild in-
flammatory infiltrate.

Ultrastructural evaluation of the small biopsies fixed in glutar-
aldehyde showed findings almost identical to those seen in the
long-term-infected animals (Fig. 6). Many hepatocytes contained
nuclei filled with HBV core particles, while the cytoplasmic en-
doplasmic reticulum cisternae were dilated and packed with
HBsAg tubules and spheres and complete Dane particles.

Determination of HBV cccDNA, DNA, and RNA. The livers
of one short-term-infected and one long-term-infected animal
were also analyzed for the presence of HBV cccDNA, repli-
cative intermediates, and RNA transcripts. Using Southern

blotting, cccDNA could easily be identified in both chimeric
livers (Fig. 7A). After EcoRI digestion, the cccDNA molecules
were linearized and comigrated with the linear HBV DNA
present in the total DNA isolated from the same tissue.
cccDNA could also be detected in liver biopsies from a chron-
ically infected chimpanzee and the FCH patient, but was ab-
sent in DNA extracts from HBV transgenic mice. HBV DNA
replicative intermediates were detected in all liver samples
except in the noninfected chimeric mouse (Fig. 7B). The
cccDNA copy number per infected hepatocyte was quantified
by using quantitative real-time PCR. In the liver of a short-
term-infected animal we detected 1.4 cccDNA molecules per
HBcAg� human hepatocyte. In contrast, in the long-term-
infected animal the amount of cccDNA molecules per HBV-
infected human hepatocyte increased to 65.7 copies/cell. The
liver of the FCH patient contained 6.8 cccDNA molecules per
hepatocyte.

Northern blot analysis showed very high HBV gene expres-
sion in the long-term mouse liver but only low expression in the
chimeric mouse liver after 21 days (Fig. 8). The preS1 mRNA
was visible only in the liver extracts of the long-term-infected
chimeric uPA-mouse and in the HBV transgenic mouse.

DISCUSSION

The hepatic injury during acute and chronic HBV infections
is thought to be caused by the host’s immune response against
the infected hepatocytes (6). However, in some severely im-
munosuppressed chronic HBV patients, excessive viremia and
a very severe, sometimes fatal hepatic disease, known as FCH
may occur. This suggests that severe liver pathology may arise
in the absence of a functional immune system (5, 27, 39, 43).
To examine the pathology induced by HBV in an immune
deficient host, we have infected chimeric human liver-uPA-
SCID mice with HBV.

FIG. 7. Southern blot analysis of HBV cccDNA (lanes 2 to 13) and replicative intermediates (lanes 15 to 19) isolated from the livers of a
noninfected chimeric mouse (lanes 2, 3, and 15), short-term (lanes 4, 5, and 16) and long-term (lanes 6, 7, and 17) HBV-infected uPA-SCID mice,
a patient with HBV-induced FCH (lanes 8, 9, and 18), a chronically HBV-infected chimpanzee (lanes 10 and 11), and an HBV-infected transgenic
mouse (lanes 12, 13, and 19). A 3.182-kb molecular weight marker is also included (lanes 1 and 14). After EcoRI digestion, the cccDNA molecules
linearized to a double-stranded, linear (DS-l) form (lanes 3, 5, 7, 9, 11, and 13). As expected, cccDNA is not detectable in the HBV transgenic
(Tg) mouse extracts. The relative amounts of cccDNA between the different samples cannot be compared because of the varying sizes of the
starting material. Replicative intermediates can be easily visualized in the long-term mouse liver but are hardly detectable in the short-term-
infected chimeric mouse.
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At several moments after infection, the concentrations of
HBsAg, HBeAg, and HBV DNA in mouse plasma were de-
termined. In agreement with Degushi et al. (12) and previous
observations of our lab (54), very strong linear correlations
between HBsAg and HBeAg and HBV DNA were observed.
Also, a linear correlation between the amount of HBeAg and
HBV DNA was seen. Two groups that independently analyzed
serum from chronic HBV patients were unable to find such a
relationship before the start of antiviral treatment (4, 25).
However, during antiviral treatment, these researchers found a
correlation between HBeAg and HBV DNA levels and con-
cluded that quantification of HBeAg in serum or plasma may
be a valuable alternative to HBV DNA measurements to mon-
itor the success of antiviral treatment.

Compared to noninfected human liver-uPA-SCID mice,
HBV-infected animals have a decreased life expectancy and
their premature death is caused by the progressive deteriora-
tion of the liver structure and function. Several observations
are indicative of a direct cytopathic effect of the hepatitis B
virus in our model. A large proportion of human hepatocytes
in long-term-infected animals acquired a ground-glass appear-
ance. This was not seen in noninfected or short-term-infected
mice. These ground-glass hepatocytes stained extremely posi-
tive for both HBsAg and HBcAg, whereas the staining pattern
of short-term-infected hepatocytes was less pronounced. Elec-
tron microscopic analysis revealed several signs of structural
damage within the infected human hepatocytes. Large num-
bers of clustering ceroid macrophages were only observed in
the human areas of the livers of long-term-infected animals.
This is a hallmark of ongoing cell death and the ensuing re-
moval of cellular remnants. The physical condition and func-
tional integrity of the long-term-infected hepatocytes were ir-
reversibly compromised, since these cells produced less
albumin and were literally pushed aside by regenerative mouse
“red nodules.” These regenerative mouse red nodules do not
cause the death of the human hepatocytes by themsleves.

Sandgren et al. showed that somatic deletion of the uPA-
transgene results in a restoration of the normal liver architec-
ture (53). If these nodules were just replacing the human
hepatocytes then the clinical condition of our infected mice
would ameliorate and the animals would be rescued. However,
this is not happening. The overwhelming infection and repli-
cation of HBV in human hepatocytes causes massive dysfunc-
tion of these cells that cannot be compensated for sufficiently
by the “healthy” mouse hepatocytes in the red nodules. This
process ultimately leads to liver failure and death of the ani-
mals. Only one animal survived the HBV infection and showed
signs of clinical improvement. In the liver of this animal lower
amounts of human hepatocytes were present, whereas large
amounts of healthy, regenerative mouse hepatocytes were ob-
served. These red nodules most likely rescued this animal.

Dandri et al. (9) were the first to successfully infect chimeric
immune deficient uPA mice with HBV. These researchers did
not report HBV-induced hepatocellular toxicity in two infected
animals. Some important differences in the experimental de-
sign may explain this. The human hepatocytes were trans-
planted into heterozygous uPA�/� mice and not in homozy-
gous uPA�/� animals like we did. The transfer of hepatocytes
in heterozygous mice results in a repopulation grade with hu-
man cells of only 2 to 10%, meaning that most of the liver
parenchyma is occupied by healthy mouse hepatocytes derived
from uPA�/� revertants. A lethal effect of HBV infection
cannot be observed since these mice even survive without a
hepatocyte graft. In addition, the infected animals were sacri-
ficed 8 weeks after transplantation, which may have been to
soon to observe the cytopathic effects we report here. At that
moment, the animals had high levels of HBV DNA and HBV
proteins in their plasma and a strong nuclear expression of the
HBV core protein in the liver, phenomena we also observed at
a similar time point. Levels of circulating HBV DNA with
values exceeding 109 copies/ml are also common in immuno-
suppressed HBV patients (1, 28).

Tsuge et al. recently described long-term HBV infection in
uPA-SCID mice (57). Several weeks after infection, the con-
centration of human albumin decreased in these animals, al-
beit less dramatically than what we observed. It is not clear
whether this is due to the HBV infection or to a spontaneous
loss of chimerism. Obvious signs of a cytopathic effect were not
reported, and a lethal effect is less likely in this setup because
the low levels of human albumin suggest the presence of high
amounts of regenerative red nodules. These would rescue the
animals in case of graft failure.

uPA�/� RAG2�/� mice transplanted with tupaia hepato-
cytes have also been infected with HBV (10). In these animals
the HBV infection persisted for 6 months, the experimental
endpoint, and no signs of hepatocellular damage were re-
ported. The main differences with the human liver-uPA model
are that the onset of viremia was considerably delayed and that
the plasma levels of HBV DNA were significantly lower. This
may be due to the nature of the tupaia hepatocytes.

Similarly, hepatocytes from a woodchuck infected with the
woodchuck hepatitis virus were transplanted in uPA-RAG2
mice. These animals experienced high viremia for more than
10 months without obvious lesions in the liver. It might be that
the woodchuck hepatitis virus is less cytopathic than HBV.

FIG. 8. Northern blot analysis of total RNA extracts of the livers of
an HBV-transgenic mouse (lane 1), a patient with HBV-induced FCH
(lane 2), a noninfected chimeric mouse (lane 3), a short-term HBV-
infected mouse (lane 4), and a long-term HBV-infected mouse (lane
5). From each sample 10 �g of total RNA was loaded. The Pre-S1
transcript can be easily seen in the long-term-infected chimeric mouse.
The lower hGAPDH signal in the short-term-infected mouse reflects a
lower amount of human hepatocytes present in the chimeric liver.

VOL. 80, 2006 CYTOPATHIC EFFECT OF HBV IN HUMAN LIVER-uPA-SCID 2805



Alternatively, this difference may also be related to the differ-
ent nature of the woodchuck hepatocytes.

Our observations closely resemble those made by Lenhoff et
al. in a model for the study of the duck hepatitis B virus (34).
Three-day-old ducklings were infected with a duck hepatitis B
virus strain that contained a mutation in the Pre-S region. This
mutation induced elevated levels of viral cccDNA and viral
capsid protein in the nucleus of the infected hepatocytes. In
addition to high intracellular viral protein expression, we also
observed a 47-fold increase in cccDNA copy number per in-
fected hepatocyte when we compared the short- and long-
term-infected animals.

The infected ducklings also displayed high viremia and hepato-
cellular damage. Like in our model, this cell damage elicited an
increase of mononuclear cells and regenerating bile ductule-
like cells in the liver parenchyma. In biopsies of patients with
chronic viral hepatitis, the number of hepatic progenitor cells
is also correlated with the severity of hepatocyte damage and
loss (18). As a consequence of the cytopathic effect, the duck-
lings experienced a marked growth retardation. In contrast to
our study, this cytopathic effect lasted for only 23 days, and the
recovery was associated with the appearance of a noncyto-
pathic revertant virus (35). We did not observe any sequence
variability during the 88-day infection period.

The mechanisms underlying the cytopathic effect of the virus
have not yet been defined. Several in vitro and in vivo studies
showed that the accumulation of the L protein leads to the
appearance of ground-glass hepatocytes (7, 17) and can induce
stress in the endoplasmic reticulum (58), as well as oxidative
DNA damage and mutagenesis (26). The virus isolate we used
here lacked the mutations in the pre-S region that have been
shown to lead to the development of ground-glass hepatocytes
in chronic carriers (16, 45, 61). It can be argued that the
cytopathic effect seen in the present study is the result of the
human hepatocytes being infected with an isolate that has
mutations in the basic core promoter. However, these muta-
tions have also be found in asymptomatic carriers, in patients
experiencing only a mild form of chronic HBV infection (19,
31, 48, 55), and in immune compromised HBV patients with no
or mild liver disease (23, 44, 50).

In the context of the present study, an ultrastructural anal-
ysis on biopsies from a FCH liver has been performed for the
first time. This evaluation revealed massive amounts of viral
and subviral particles inside ballooned and damaged hepato-
cytes. Electron micrographs of human hepatocytes in the long-
term-infected mice could not be distinguished from those of
the FCH liver. We did not detect a significant increase in
cccDNA copy number in the FCH patient, indicating that the
cause of the cytopathic effect might be different at the molec-
ular level.

Our data and the clinicopathological observations made in
other patients with FCH suggest that, in the absence of a
functioning immune system as it occurs in SCID mice and
severely immunosuppressed patients, HBV can replicate and
express its proteins in an unrestrained fashion. This leads to
excessive accumulation of viral proteins, cell damage, and ul-
timately cell death. Our mouse model can be useful for study-
ing new therapies and strategies to control the viral replication
during immunosuppression after organ transplantation in pa-
tients with chronic hepatitis B infection. It may also be useful

for the evaluation and prediction of the pathogenic effect of
the various genotypes of HBV and certain HBV mutants.
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