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Hepatitis B virus (HBV)-associated acute liver failure (ALF) is a
dramatic clinical syndrome leading to death or liver transplantation
in 80% of cases. Due to the extremely rapid clinical course, the
difficulties in obtaining liver specimens, and the lack of an animal
model, the pathogenesis of ALF remains largely unknown. Here, we
performed a comprehensive genetic and functional characterization
of the virus and the host in liver tissue from HBV-associated ALF
and compared the results with those of classic acute hepatitis B
in chimpanzees. In contrast with acute hepatitis B, HBV strains
detected in ALF livers displayed highly mutated HBV core antigen
(HBcAg), associated with increased HBcAg expression ex vivo, which
was independent of viral replication levels. Combined gene and
miRNA expression profiling revealed a dominant B cell disease
signature, with extensive intrahepatic production of IgM and IgG in
germline configuration exclusively targeting HBcAg with subnano-
molar affinities, and complement deposition. Thus, HBV ALF appears
to be an anomalous T cell-independent, HBV core-driven B cell
disease, which results from the rare and unfortunate encounter
between a host with an unusual B cell response and an infecting
virus with a highly mutated core antigen.
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cute liver failure (ALF), previously known as fulminant

hepatitis, is a rare but dramatic clinical syndrome charac-
terized by the sudden loss of hepatocytes, leading to multiorgan
failure in a person without preexisting liver disease (1). Hepatitis B
virus (HBV) is a major cause of ALF worldwide (2). However, the
difficulties in obtaining liver specimens and the extremely rapid
clinical course of this disease, along with the lack of an animal
model, have hampered pathogenesis studies. While in the classic
form of acute hepatitis B liver damage and viral clearance are me-
diated by specific antiviral T cell responses (3-5) with a dominant
intrahepatic T cell gene signature (6), little is known of the patho-
genic mechanisms leading to ALF. On the viral side, variants of
HBV containing precore or core promoter mutations that affect
hepatitis B e antigen (HBeAg) expression have been associated with
ALF (7-11), although the same mutations are also commonly de-
tected in chronic hepatitis B surface antigen (HBsAg) carriers (12),
suggesting that ALF is the result of a complex interplay between the
virus and the host (3). On the host side, early studies conducted in
the 1970s and 1980s demonstrated an unusually brisk antibody re-
sponse against all HBV antigens, with significantly higher titers of
IgM to hepatitis B core antigen (HBcAg) (13) and rapid clearance
of HBsAg and HBeAg, compared with classic acute hepatitis B (13,
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14), often accompanied by low levels of HBV replication (15-17).
The question of whether an enhanced humoral immune response
plays a role in the pathogenesis of HBV-associated ALF remains
unanswered. More recently, high titers of IgM anticore were shown
to differentiate ALF that follows primary HBV infection from ALF
developing upon exacerbation of chronic HBV infection (18), sug-
gesting that an exaggerated IgM response against HBcAg may be
implicated in the pathogenesis of this disease. Consistent with these
findings, we have previously shown that HBV-associated ALF is
characterized by an overriding B cell gene signature centered in the
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liver, with extensive intrahepatic expression of IgG and IgM anti-
bodies directed against the HBcAg (19).

Access to liver specimens from additional patients with HBV
ALF provided us with the unique opportunity to confirm and ex-
tend our original observations (19) and to perform a genetic and
functional characterization of the HBV strains associated with
ALF. Here, we investigated the role of viral and host factors in the
pathogenesis of HBV ALF in primary liver tissue, which is the
anatomical site where the disease occurs, and compared the find-
ings in ALF with those in classic acute hepatitis B in chimpanzees.
By using cutting-edge molecular techniques, our study corrobo-
rates the pathogenic role of humoral immunity in HBV ALF.

Results

Clinical, Serologic, and Virologic Characteristics of the Patients. Four
healthy young adult individuals, two males and two females with
amean age + SD of 42.2 + 7.2y, suddenly developed HBV ALF,
with progressive coagulopathy and encephalopathy, and all un-
derwent liver transplantation within 8 d of the onset of symp-
toms. Two patients had massive hepatic necrosis (patients 31 and
241) and two submassive hepatic necrosis (patients 32 and 219).
Serologic HBV markers tested at admission and at liver trans-
plantation showed rapid clearance of HBsAg and HBeAg and
accelerated antibody seroconversion, with extraordinarily high
titers of IgM anti-HBc (>1:500,000) at the time of liver trans-
plantation in all patients, whereas the IgG anti-HBc titer was low
(ranging from 1:40 to 1:400). The levels of HBV DNA ranged
from 2.4 to 5.3 logs in serum and from 1.3 to 3.7 in liver; HBV
RNA was also detected, demonstrating the persistence of HBV
replication and viral gene expression at the time of liver trans-
plantation (SI Appendix, Table S1). The titers of circulating IgM
and IgG anti-HBc antibodies were also determined in patients with
acute hepatitis B. We used archived serial serum samples derived
from a prospective study conducted at the NIH on transfused heart
surgery patients (20). Four patients were selected based on the
availability of serial serum samples; two of them were infected with
only HBV and two coinfected with HBV and hepatitis C virus. The
IgM anti-HBc titer ranged from 1:4,096 to 1:41,943 (SI Appendix,
Table S2), whereas the highest IgG anti-HBc titer was 1:128. There
were no significant differences between monoinfected and coin-
fected patients, although these tests were performed on archived
serum samples and there were no weekly samples throughout the
course of the acute hepatitis. We also studied normal liver controls,
including 10 liver donors and 7 subjects who underwent liver re-
section for hepatic hemangioma. None of them had evidence of
active infection with hepatitis A, B, C, or D or other known viral
infections. Their demographic, clinical, and liver pathology data
are shown in SI Appendix, Table S3.

Genetic Characterization of HBV Strains in ALF by Next-Generation
Sequencing. To characterize the HBV strains associated with
ALF, we performed next-generation sequencing (NGS) of the
entire HBV genome in serum and liver from each patient with
ALF (SI Appendix, Fig. S14). We found that all patients with
ALF were infected with HBV genotype D, subgenotype D3, and
harbored a highly homogeneous viral population (over 90%
represented by a single dominant strain), but highly divergent
from the reference HBV genotype D wild type (ayw) (21) (SI
Appendix, Table S4). The precore stop codon mutation G1896A,
which abrogates HBeAg production, was invariably present,
whereas other mutations previously linked to ALF, namely
A1762T and G1764A (9), were not found; no deletions, inser-
tions, or nonsense mutations were detected (SI Appendix, Table
S4). The precore/core was the most variable region of the entire
HBV genome, with the highest rate of nonsynonymous muta-
tions in all patients (Fig. 14). Although the mutations were
scattered throughout the HBcAg (Fig. 1B), we found two to
three amino acid substitutions within the major B cell epitope
(amino acids 73-85, positioned at the tip of the capsid spikes)
(22) in each patient. Amino acid changes were also found at the
level of the nuclear localization signal of HBcAg, at amino acid
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Fig. 1. Genetic heterogeneity of HBV in ALF. (A) Rate of mutation within
the entire HBV genome in four patients with ALF compared with the wild-
type reference HBV strain (ayw V01460) (21). (B) Sequence alignments of
HBcAg in patients with ALF, patients with acute hepatitis B, and two chim-
panzees with acute hepatitis B, compared with the wild-type HBV strain
(ayw V01460). The sequence labels represent GenBank accession numbers.
AHB denotes acute hepatitis B.

position 147-183 (Fig. 1B), whereas no mutations were detected
in the major B cell epitopes of HBsAg (SI Appendix, Table S4).
In contrast, no mutations were detected in HBcAg from the two
chimpanzees with classic acute hepatitis B (Fig. 1B), as well as in
HBcAg sequences from several patients with acute hepatitis B
available in GenBank (SI Appendix, Table S5), indicating that
ALF is specifically associated with a highly mutated HBcAg
compared with the reference wild-type HBV.

Functional Analysis of HBV Variants from Patients with ALF. To get
insights into the role of viral factors in the molecular patho-
genesis of ALF, replication-competent HBV was cloned from
the two patients with massive liver necrosis (patients 241 and 31)
and expressed in HepG2 hepatoma cells (S Appendix, Fig. S1B).
In comparison with the wild-type HBV (ayw), HBV-241 showed
significantly lower HBsAg production and viral replication, with
significantly reduced levels of both extracellular and intracellular
viral DNA and total intracellular viral RNA (Fig. 24). However,
HBV-241 showed increased HBcAg expression by approximately
twofold in comparison with wild-type HBV (P = 0.020), as
measured by ELISA and confirmed by immunoprecipitation and
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Fig. 2. Quantitative analysis of viral replication and antigen expression by
patient-derived HBV variants versus wild-type HBV. HepG2 cells were transfected
with monomeric linear full-length HBV genomes of wild type (ayw) (21), two
HBV variants cloned from two patients with ALF (241 and 31), and the wild-
type HBV mutant containing the single preC stop mutation (ayw-preC). The
level of intracellular and extracellular HBV DNA and the level of total RNA
were determined by real-time PCR and the level of HBsAg and HBcAg ex-
pression was measured by ELISA. Relative level of HBsAg in the culture
supernatants, cellular HBcAg, intracellular and extracellular viral DNA, and
total RNA of (A) wild-type HBV (ayw) versus 241 HBV, (B) wild-type HBV
(ayw) versus 31 HBV, or (C) wild-type HBV (ayw) versus the preC mutant.
Values were normalized to those obtained with the wild-type HBV and
presented as percentage of expression. The data are the mean from three
independent experiments with SE. The significance in difference was eval-
uated by unpaired two-tailed t test. The concentration of HBcAg in patient-
derived ALF HBV variants (241 and 31) was significantly higher compared
with that measured for the reference ayw strain, whereas no significant
difference was detected between ayw and ayw-preC. (D) Western blot
analysis of HBcAg expression in cells transfected with different HBV variants
after immunoprecipitation with homologous anti-HBc antibodies. The patient-
derived 241 HBV produced higher levels of HBcAg than the reference HBV
strain or ayw-preC.

Western blot with antibodies that react equally well with core
antigens from HBV-241 and wild-type HBV (Fig. 2.4 and D and
SI Appendix, Fig. S24 and Table S6). Similarly, HBV-31 showed
increased HBcAg expression by more than twofold over wild-
type HBV (P = 0.0004), while HBsAg expression and viral rep-
lication were similar to those of wild-type HBV (Fig. 2B and SI
Appendix, Fig. S2B and Table S6). Kinetic analysis showed that
the HBcAg level increased over time after transfection, with the
highest level detected at day 5 posttransfection (SI Appendix,
Fig. S2C).

Since a prominent feature of HBV in ALF is the presence of
the precore stop codon mutation, we generated an HBV ayw
mutant containing only the precore stop codon mutation at nu-
cleotide position 1896 (ayw-preC). The precore stop codon
mutation did not affect the levels of viral antigen production
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(HBsAg and HBcAg) and viral replication (Fig. 2C), compared
with those observed with the wild-type HBV control. Thus, these
results suggest that other mutations, rather than the precore stop
codon in patient-derived HBV strains, are responsible for the
peculiar phenotype of HBcAg overexpression.

Cellular Localization of HBcAg. The expression of HBsAg and
HBcAg was studied by confocal microscopy in HepG2 cells
transfected with full-length, replication-competent linear DNA
of wild-type HBV (ayw) or the HBV strains derived from two
representative patients with massive liver necrosis (patients
31 and 241, with 95 and 100% of necrosis, respectively). The
expression of HBcAg in cells fixed with only paraformaldehyde
showed the presence of a strong cytoplasmic staining in cells
transfected with all HBV strains, while the nuclear staining was
negative (SI Appendix, Fig. S3). Instead, the expression of
HBcAg in fixed and permeabilized cells was very intense both in
the nucleus and in the cytoplasm for all HBV strains (SI Ap-
pendix, Figs. S4 and S5). The strong cytoplasmic HBcAg staining
detected in the two strains derived from ALF patients (both
HBeAg-negative at the time of liver transplantation; SI Appen-
dix, Table S1) is consistent with the results of HBcAg localization
studies using transfection of cloned HBcAg variants from anti-
HBe—positive patients (23). Although in HBeAg-positive pa-
tients HBcAg tends to be nuclear (24), we detected a strong
cytoplasmic staining also in cells transfected with the wild-type
virus (SI Appendix, Figs. S3 and S4). Similar in vitro data were
reported by Eyre et al. (25). Differential interference contrast
(DIC) imaging was used to retrofit fluorescence images to show
localization of the fluorescent signal on the plasma membrane
and inside of the cells. By this technique we were able to visualize
HBcAg on the cellular surface with all HBV strains, with an
uneven, coarse granular distribution (Fig. 3). Only a minority of
cells had isolated nuclear or cytoplasmic HBcAg localization.
Whereas the vast majority of wild-type-transfected cells positive
for HBcAg were also positive for HBsAg, in cells transfected
with the two ALF strains not all cells positive for HBcAg were
also positive for HBsAg (SI Appendix, Fig. S4).

HBcAg Cell-Surface Binding and Complement Fixation. An alterna-
tive mechanism for the localization of HBcAg on the cellular
membrane could be binding of HBcAg released from dying he-
patocytes to the surface of hepatocytes, including bystander
uninfected hepatocytes. To test this hypothesis, we performed an
HBcAg cell surface-binding assay whereby untransfected HepG2
cells were incubated with HBcAg from wild-type HBV and from
the ALF HBV strains 31 and 241; binding was revealed by
immunostaining and flow cytometry using a specific anti-HBcAg
Fab derived from an ALF patient (Fab E3). The staining un-
equivocally showed that HBcAg binds to the surface of HepG2
cells (Fig. 4 A and B), with a coarse pattern resembling that seen
in cells transfected with full-length HBV strains (Fig. 3). Binding
of HBcAg to the cellular membrane was confirmed by flow
cytometry (Fig. 4C), which showed a stronger binding with the
core from ALF strains, especially 241, than with the wild type.
Next, we investigated by flow cytometry if cell-surface immune
complexes formed by HBcAg derived from all HBV strains in
complex with a full-length ALF-derived anticore antibody (C7
IgG1) can bind to the Clq complement factor, trigger comple-
ment activation, and induce cell lysis. We found that Clq effi-
ciently binds to the antigen—antibody complexes from all HBV
strains (Fig. 4D), with a trend toward higher binding with the two
ALF-derived HBV strains compared with the wild type. When
complement-rich serum containing Clq was added to HepG2
cells bearing the immune complexes on their surface, cell lysis
was detected in all samples with no significant differences be-
tween the wild type and the ALF HBV strains (Fig. 4E).
Moreover, the cell lysis in cells incubated with C3-depleted se-
rum was comparable to that in the cells incubated with complete
serum in the absence of immune complexes. Altogether, these
results confirmed that HBcAg can bind to the surface membrane
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Fig. 3. Intracellular localization of hepatitis B core antigen (HBcAg) in

HepG2 cells analyzed by confocal microscopy. HepG2 cells were transfected
with full-length, replication-competent linear DNA of wild-type HBV (ayw)
or two HBV strains derived from two representative patients with ALF (pa-
tients 31 and 241) and 48 h later were fixed, permeabilized, and immu-
nostained by indirect immunofluorescence. High magnification (63x) of
individual cells analyzed by DIC (Upper) shows an overlay of HBcAg with the
cellular membrane (Lower). HBcAg appears in red (Alexa 594) and the nu-
cleus in blue (DAPI). WT denotes wild-type HBV strain (ayw). The arrows
indicate areas of overlay of HBcAg and the cellular membrane as shown in
gray by DIC.

of hepatocytes and form immune complexes, inducing comple-
ment deposition and activation of the classical pathway of the
complement system.

Liver Gene and miRNA Expression Profiles in ALF. Next, we in-
vestigated the role of host factors in the pathogenesis of HBV-
associated ALF (SI Appendix, Fig. S14). Unsupervised principal
component analysis of mRNA and miRNA showed a complete
separation between ALF and controls (Fig. 5 4 and B). Com-
parison between the liver of patients with ALF and controls
showed a total of 1,351 mRNAs (SI Appendix, Fig. S6 A and B
and Table S7) and 111 mature miRNAs (SI Appendix, Fig.
S7 and Table S8) differentially expressed. Expression of both
mRNA and miRNA was significantly associated with five major
disease categories, with inflammatory and immunological dis-
eases among the most prominent (SI Appendix, Fig. S8). Among
mRNAs, humoral immune response genes were the most up-
regulated, with an intrahepatic B cell gene signature (Fig. 5C)
comprising a large number of Ig genes and genes involved in B
cell development and maturation, including PRDM1/BLIMPI
and POU2AFI, two master regulators of germinal center for-
mation and terminal B cell differentiation (26), MZBI that is
required for efficient humoral immune responses to T cell-
independent and T cell-dependent antigens and promotes IgM
assembly and secretion (27), FCRLS, which promotes B cell
proliferation and the development of cells dyplaying multiple
Ig (28), TNFRSF17/BCMA, which promote B cell maturation
and survival (29), and BCL11B, an upstream gene regulator
expressed by innate lymphoid cell types that respond exclusively
to signaling via germline-encoded receptors (30). Another
prominent gene signature was that shared by B cells and
monocytes/macrophages (primarily HLA-II genes). Conversely,
the number of T cell-associated genes was very limited (Fig. 5C),
with no expression of the IFN-regulated chemokines CXCL9,
CXCL10, and CXCL11. Of note, we detected four major nega-
tive regulators of T cell proliferation, activation, and T cell re-
ceptor signaling, namely, CTLA4, VSIG4, VICNI, and LAXI
(Fig. 5C), which may provide an explanation for the limited
T cell gene expression. In contrast with the findings in ALF,
classic acute hepatitis B in chimpanzees was previously reported
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to be associated with a dominant intrahepatic T cell gene sig-
nature (6), including the IFN-regulated chemokines CXCLY,
CXCLI10, and CXCL11, that was temporally associated with viral
clearance, whereas negative regulators of T cell activation were
not detected, reflecting the key role of adaptive T cell responses
in classic acute hepatitis B (6).

Next, we investigated whether miRNAs expressed in ALF target
B cell genes. We found that the vast majority of miRNAs (over
70%) target genes associated with B cell development, activation,
and survival. The B cell-associated miRNAs expressed in ALF and
their gene targets are shown in SI Appendix, Table S9. MiRNA
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Fig. 4. Cell-surface binding of HBcAg to HepG2 cells, complement fixation,
and cell lysis. Recombinant HBcAg synthesized from wild-type HBV and from
ALF-derived HBV strains 31 and 241 was incubated with untransfected
HepG2 cells. HBcAg binding was revealed by both immunostaining and flow
cytometry using a specific anti-HBcAg FAb derived from an ALF patient (Fab
E3) conjugated with a fluorophore (Alexa 647). (A) Immunostaining shows
that HBcAg from all HBV strains binds to the entire liver cell membrane. (B) A
higher magnification of a representative single cell bound to HBcAg using
DIC shows a complete overlay of HBcAg staining with the cellular mem-
brane, with a coarse granular pattern along the liver cell membrane. (C)
Flow cytometry analysis confirmed the binding of HBcAg to the cellular
membrane. The bars show the mean of fluorescence intensity (MFI) from
three independent experiments expressed as fold change (mean + SD) with
respect to the control without the addition of HBcAg. A stronger cell-surface
binding was seen with HBcAg derived from ALF strains than with the wild
type. The asterisk denotes P = 0.016 for the comparison between HBV
241 and ayw by unpaired two-tailed t test. (D) Flow cytometry analysis of
C1q complement factor binding to HBcAg-human antibody complexes on
the surface of HepG2 cells. The bars show the mean MFI (+SD) from three
independent experiments expressed as fold change with respect to the
control incubated with buffer only. (E) Complement-mediated cell lysis in-
duced by HBcAg-containing immune complexes deposited on the surface of
HepG2 cells. Cell lysis was measured by the uptake of propidium iodide and
normalized to the uptake measured with the control (incubated with buffer
only) and expressed as percent lysis. The data are the mean of three in-
dependent experiments (+ SD). The differences with cell lysis upon in-
cubation with complete serum in the absence of immune complexes were
evaluated by unpaired two-tailed t test.
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Fig. 5. Principal component analysis of mRNA and miRNA, heat map of differentially expressed immune genes, and immunohistochemistry in the liver of
patients with HBV-associated ALF. (A) Unsupervised principal component analyses of 6,996 mRNAs and (B) 1,105 mature miRNAs from four patients with ALF.
The analysis also includes 17 samples from control livers, including 10 liver donors and 7 subjects who underwent liver resection for hepatic hemangioma. Each
dot represents a single liver sample. Both plots show a complete separation between ALF and control livers. Within the ALF group, a separation was also
observed between massive and submassive hepatic necrosis. (C) Heat map of immune genes differentially expressed in ALF. Each column represents a single
patient. Data from the four ALF patients represent the average of multiple specimens analyzed (up to five liver specimens for each patient), whereas data
from the 17 controls represent individual liver samples. Each cell represents the expression of a particular gene (rows) of a particular liver specimen (columns).
Gene expression levels were log,-transformed and rowwise-standardized. Up-regulated genes are shown in shades of red and down-regulated genes in
shades of green. (D) Immunohistochemical staining of liver tissue in ALF confirmed the prominent B cell signature with extensive infiltration of B cells (CD20),
plasma blasts and plasma cells (Mum1), with strong cytoplasmic staining for IgM and IgG antibodies. The liver sections also showed the presence of T cells
(CD3), mostly CD8-positive, extensive macrophage infiltration (CD163), and deposition of complement factor C1q. The arrows indicate weak linear in-
tercellular staining of residual hepatocytes in a patient with submassive hepatic necrosis (magnification 40x).
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expression in ALF was more similar to that of naive B cells (up-
regulation of let-7i, 342-3p, 342-5p, 361-3p, 200a, 221, 222, 200b,
10a, 150, 155, 99b-star; down-regulation of 455-3p, 106a, 17, 148a,
30a), than to that of centroblasts (up-regulation of 199b-3p, 15b,
138, 183 e 182) (31-35). We observed up-regulation of miRNAs
involved in Ig somatic hypermutation and class-switch recombination
(miR-155 and miR-181b, both of which target AID; miR-155 also
targeting PU.1) (36-38),T cell-independent B cell responses (miR-
182, the most up-regulated miRNA, with a fold change of 18.9) (39),
and B cell differentiation and germinal centers (miR-150) (35,
40). In contrast, five members of the miR-30 family (30a-5p,
30b-5p, 30b-3p, 30c-1-3p, and 30e-5p) that target BCL6 were
down-regulated, which may increase B cell survival (41). Thus,
the integrated genome-wide analysis of mRNA and miRNA ex-
pression revealed a dominant B cell signature in HBV-associated
ALF, consistent with a major role of humoral immunity in the
pathogenesis of this disease.

Immunohistochemistry in ALF and Acute Hepatitis B. In line with the
prominent intrahepatic B cell lineage gene signature, we de-
tected in all ALF patients an extensive liver infiltration of CD20*
mature B cells, plasma blasts and plasma cells strongly positive
for cytoplasmic IgM and IgG, and mononuclear phagocytic cells
expressing CD163 (Fig. 5D and SI Appendix, Fig. S9), whereas
control normal liver tissues showed only rare B cells and plasma
cells, a few CD3™ cells, and CD163" Kupffer cells (ST Appendix,
Fig. S9). Stainings with specific markers for naive B cells
(CD27 and IgD) showed that the vast majority of B cells were
not classic naive B cells, being negative for IgD and positive for
CD27 (SI Appendix, Fig. S10). Despite the limited expression
of T cell genes, the liver was infiltrated by CD3* cells, pre-
dominantly CD8" (Fig. 5D and SI Appendix, Fig. S9). In contrast,
chimpanzees with acute hepatitis B (SI Appendix, Fig. S11A4)
showed low numbers of CD20" B cells in portal spaces and rare
plasma cells in the lobules, whereas the liver was mainly infil-
trated by CD8" T cells (ST Appendix, Fig. S11B). Thus, the ex-
tensive intrahepatic infiltration of CD20™ cells and plasma cells
producing IgM and IgG was specifically associated with ALF.
This intrahepatic expression of immunoglobulins was in all cases
accompanied by complement deposition. We documented Clq
deposition in liver tissue, predominantly on Kupffer cells, sug-
gesting the presence of immune complexes phagocyted by these
cells, along with a weak linear intercellular Clq staining in the
two patients with submassive liver necrosis (Fig. 5D and SI Ap-
pendix, Fig. S12), consistent with membrane staining of residual
hepatocytes; complement deposition was not detected in control
liver tissues. In ALF, HBsAg and HBcAg were not detected in
residual hepatocytes, whereas HBsAg was seen in the cytoplasm
of both acutely HBV-infected chimpanzees; HBcAg was strongly
positive in the nuclei of both animals with a diffuse cytoplasmic
staining in one (S Appendix, Fig. S13A4).

Antigenic Target and Characteristics of Intrahepatic Antibodies in
ALF. Next, we investigated the reactivity of intrahepatic anti-
bodies detected in ALF against autologous HBV antigens by
phage display libraries (SI Appendix, Fig. S1D). Because of the
extensive mutations we documented particularly in HBcAg, we
reasoned that if specific anti-HBc antibodies are associated with
the disease development they should react with the mutant an-
tigens derived from these patients. Thus, viral genomic se-
quences encoding HBsAg and HBcAg from each patient were
cloned, expressed, and used to screen Fab phage libraries con-
structed from the liver of the autologous patients (SI Appendir,
Fig. S1C). The vast majority of the clones (92-99%; both 1gG
and IgM) were reactive with the autologous HBcAg, while none
were reactive with HBsAg (SI Appendix, Table S10), indicating
that HBcAg is the antigenic target of the intrahepatic B cell
response in ALF. To validate these findings, we extracted IgM
and IgG directly from frozen liver tissues of ALF patients, as well
as from a normal liver donor, negative for HBV markers, as a
control. Whereas IgM and IgG were recovered from all of the
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liver tissues tested, only IgM and IgG from patients with HBV
ALF reacted specifically with three different HBV core antigens,
while those from the control liver were negative (SI Appendix,
Table S11). Thus, these results confirmed the presence of
intrahepatic anticore IgM and IgG in ALF patients.

Sequence analysis of Vg genes from the anti-HBc Fabs
identified 46 unique IgM clones and 111 unique IgG clones (Fig.
6A4). Strikingly, 80% of the IgM and 83% of the IgG anti-HBc
antibodies were in germline configuration (Fig. 64), suggesting
that most of the anti-HBc are produced by naive-like B cells (42).
Analysis of the abundance of unmutated IgM and IgG clones
showed that 89% of the IgG and 50% of the IgM were in
germline configuration (Fig. 6B); furthermore, several pairs
of IgM and IgG in each patient shared identical variable regions
(81 Appendix, Tables S12 and S13), indicating that isotype switch
from IgM to IgG had occurred without affinity maturation,
a characteristic of T cell-independent B cell responses (43),
and that unrelated patients share germline antibodies specific
for HBcAg.

To investigate if the unusual anti-HBc antibodies in germline
configuration are unique to ALF, we studied samples from the
two chimpanzees with classic acute hepatitis B. PCR amplifica-
tion of IgG and IgM Fab-encoding genes from the livers of
the two chimpanzees, performed when high titer of serum
IgM anticore antibodies were still detectable (SI Appendix, Fig.
S13B), resulted in amplification of IgG, but not of IgM.
Screening of IgG Fab phage display libraries from both chim-
panzees against homologous HBsAg and HBcAg identified only
antibodies specific for HBcAg, but not for HBsAg (SI Appendix,
Table S10). A total of 42 distinct IgG clones were identified,
57% of which showed 3-9 somatic mutations and 43% 10-38
somatic mutations (Fig. 6 A and B). The number of somatic
hypermutations in chimpanzees was significantly higher than in
ALF (P < 0.0001) (Fig. 6C). In ALF, there was a strongly biased
usage of the V3 family, with about 50% of the clones using V3-
23 and V3-30-3, a high prevalence of Jy4 usage (Fig. 6D). A
strong bias toward V3 and Jy4 was also seen in chimpanzees
(Fig. 6D). Therefore, the overall pattern of gene usage for
anticore heavy chain was not different from the normal gene
usage distribution (44). However, it is interesting to note that
genes V3-23 and V3-30-3, which were used at high frequency in
the patients, were absent in chimpanzees since human and
chimpanzees share a 99% homology at the genomic level (45) and
show comparable antibody repertoires (www.vgenerepertoire.org).
To ensure that phage libraries were unbiasied toward to certain V
genes, the Fd amplicons which were used in the construction of
IgM and IgG libraries of four ALF patients and one liver donor
were subjected to NGS. As shown in SI Appendix, Fig. S14, almost
all of the possible VH genes were amplified in both IgM and IgG
libraries of each sample, indicating that full repertoires of IgM and
IgG were unbiasedly represented in the libraries. Interestingly, the
five high-affinity germline anticore antibody clones were identified
almost exclusively from the ALF patients in whom the antibodies
were originally recovered. To estimate the prevalence of a par-
ticular transcript obtained by NGS, we used two methods: (i)
quantification of duplicate reads and (if) quantification of unique
duplicate sequences (SI Appendix, SI Materials and Methods). Both
methods provided similar results. We found anti-HBc clones to be
relatively rare, with frequencies between 1 x 10 and 2.4 x 107°
(SI Appendix, Table S14).

To investigate the biological potency of intrahepatic anti-
bodies in ALF, we measured the binding affinity of 11 repre-
sentative Fab clones, six in germline configuration and five with
3-27 nucleotide substitutions, to both autologous and heterologous
HBcAg by surface plasmon resonance. All of the germline IgM and
IgG exhibited very high binding affinities, especially for autologous
HBcAg, with Ky values in the nanomolar to subnanomolar range
(Table 1 and SI Appendix, Fig. S15 and Table S15), as typically seen
for affinity-matured hypermutated antibodies (46), as well as a
broad range of reactivity against heterologous HBcAg. Surpris-
ingly, the three Fabs with higher numbers of mutations (11-27) had
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overall lower binding affinities. For comparison, analysis of four
representative chimpanzee Fab clones, all hypermutated with 6—
19 nucleotide substitutions in the VH gene, showed high binding
affinities to the homologous HBcAg, with K in the nanomolar to
subnanomolar range, but limited cross-reactivity with core antigens
derived from patients with ALF (only in two of four Fabs) (Table 1
and SI Appendix, Table S15).

Discussion

Due to its fulminant course and the lack of suitable animal
models, HBV-associated ALF is a difficult disease to study and,
therefore, its pathogenesis is still poorly understood. While in
most previous studies serum was the sole clinical material
available, access to multiple liver specimens and serum from
well-characterized patients with HBV ALF provided us with the
opportunity to investigate the molecular events occurring within
the site of viral replication and tissue damage. Given the ethical
barriers to obtaining liver tissue from patients with acute hepa-
titis B, we utilized archived liver specimens from two chimpan-
zees acutely infected with HBV for comparison.

Several distinctive features of the virus and the host common
to all of our ALF patients were identified: (i) a remarkably high
titer of IgM anti-HBc in serum despite low levels of HBV DNA
replication; (i) a highly homogeneous HBV population, yet
highly divergent from wild-type HBV (ayw) (21), with precore/
core being the most variable region and the G1896A precore
stop codon mutation invariably present; (iii) a peculiar HBV
phenotype characterized by a significant increase in HBcAg
production regardless of the viral replication level; (iv) a prom-
inent B cell gene signature centered in the liver, with limited
T cell gene expression, along with an extensive infiltration of
liver tissue by cells of the B-lymphoid lineage accompanied by
complement deposition; (v) a predominance of miRNAs tar-
geting B-lineage-associated genes; and (vi) intrahepatic IgM and
IgG antibodies in germline configuration exclusively targeting
HBcAg with nanomolar or even picomolar affinities. All these
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chimpanzees with acute hepatitis B.

features are in sharp contrast with those observed in classic acute
hepatitis B, indicating that they are specifically associated
with ALF.

Although the current study stemmed from our initial findings on
the distinctive B cell, rather than T cell, disease signature in ALF
(19), it expanded its scope to shed light on the pathogenesis of HBV
ALF. We increased the number of ALF cases from two to four, we
performed a thorough genetic and functional characterization of
the ALF HBYV strains, we compared the disease features with those
of classic acute HBV in chimpanzees, and we cloned and expressed
autologous viral antigens to isolate and characterize the intra-
hepatic pathogenic antibodies. Thus, the current study overcame
the limitations of the previous study which was based on wild-type
unmutated viral antigens, presumably irrelevant to the pathogenesis
of ALF.

NGS of HBV strains obtained from both liver and serum of
each patient demonstrated that ALF is associated with a highly
homogeneous viral population, but highly divergent from the wild-
type, with a highly mutated HBcAg. This genetic divergence could
have been present in the original transmitted virus or might have
emerged in vivo as a consequence of the anomalous immune re-
sponse against HBcAg. However, the fact that antibodies in
germline configuration displayed an exceptionally high binding
affinity for the autologous core proteins, along with an extraor-
dinarily high titer of IgM anti-HBc and the hyperfulminant course
of the disease in our patients, strongly suggest that the mutations
were already present in the source of infection, in line with the
results of a few studies showing that the source and the infected
patient shared the same HBV genomic sequences (10, 47-49).
Thus, our data suggest that mutations in HBcAg and their re-
lationship with germline high-affinity anti-HBc antibodies play a
central role in the development of this disease.

Mutations in the HBV precore/core genomic region and core
promoter frequently associated with ALF were previously
reported to induce an enhanced expression of HBcAg and viral
replication in vitro (9, 50). Our functional analysis of HBV
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Table 1.

Number of somatic mutations within the variable heavy chain (VH) gene and binding affinity to hepatitis

B core antigen (HBcAg) measured by surface plasmon resonance of 10 fabs recovered from the livers of patients

with ALF and chimpanzees with acute hepatitis B

Binding to HBcAg* Ky, nM

No. of mutations

Disease outcome Fab Origin Gene usage  Reads in VH gene 241 31 32 219 ayw

ALF F10 241-lgM/IgG V3-15,D5-18,J6 14/70 0 7.14 269.0 15.5 46.2 207.0
B7 31-lgM/IgG  V1-18,D3-16,)4 18/7 0 29.7 425 182 2.24 0.3
F4 31-1gG Vv3-23,D1-1,J3 1 0 34.6 134 139 70.1 57.0
B8 31-19G Vv3-23,D1-1,J3 3 2 49.7 1.64 108 57.3 60.2
G3  32-lgM/IgG  Vv3-23,D3-16,J3  3/59 0 1.45 0.17 0.25 0.56 0.28
c7 219-19G V3-49,D02-8,J5 23 0 0.14 0.41 2.65 0.14 0.05

Acute hepatitis B D10 CH1627-lgG  V6-1,D6-19,J3 69 6 ND ND  273.0 ND 9.62
F8 CH1627-lgG V3-74,D2-2,)4 14 19 808.0 631.0 8.97 1.33 5.4
B9 CH5835-lgG V3-74,D5-12,J4 41 9 ND ND 847.0 687.0 0.44
A1 CH5835-I9G V3-74,D4-11,J4 12 1 ND ND  822.0 25.9 0.44

ND denotes no detectable binding.

*HBcAg was derived from patients 241, 31, 219, and 32 or wild-type HBV (ayw) (21).

variants derived from two of our patients confirmed the en-
hanced production of HBcAg; however, this was not associated
with increased levels of viral replication and was not due to the
precore stop codon mutation. The data presented here and in
other studies strongly suggest that HBV replication activity does
not play a major role in the pathogenesis of ALF (15-18, 47, 51).
The overproduction of HBcAg that we observed with the strains
derived from two of our patients is of particular interest because
a high level of cytoplasmic expression could potentially lead to
the export of the core antigen to the cellular membrane, making
it accessible to anti-HBc antibodies, as described in chronic in-
fection (52, 53). Our data by DIC confocal microscopy using
transfected HepG2 cells with wild-type and ALF-derived HBV
strains provided evidence that HBcAg can be detected on the
cellular membrane. Moreover, in vitro studies have shown that
HBcAg expression may induce direct hepatocellular injury (54),
leading to the extracellular release of HBcAg. Here, we showed
that HBcAg strongly binds to the surface of untransfected
HepG2 cells, in line with previous reports of HBcAg binding to
the surface of B cells and other cell types (55). Of note, cell-
surface binding was stronger with HBcAg derived from ALF
HBYV strains (especially the 241 strain) than with the wild-type
HBcAg. Thus, our in vitro data support an alternative mecha-
nism for HBcAg localization on the cellular membrane, whereby
release of HBcAg from dying hepatocytes binds to the surface of
hepatocytes, including bystander uninfected cells, leading to the
formation of immune complexes and complement-mediated
cell lysis.

In contrast with classic hepatitis B, we found that HBV ALF is
associated with an anomalous humoral immune response centered
in the liver against the HBV core antigen, which is an extremely
immunogenic protein that can act both as a T cell-independent
and -dependent antigen (56). Although an early and enhanced
antibody seroconversion against the core antigen had been rec-
ognized in ALF since the early 1980s (13), the pathogenic role of
these antibodies has remained elusive for decades. Our study
provides evidence that a large production of intrahepatic anti-
bodies in germline configuration exclusively directed against
HBcAg is unique to ALF, as none of the antibodies detected in the
liver of classic acute hepatitis B in chimpanzees were in germline
configuration. The extraordinary affinity of these anti-HBc anti-
bodies is unusual for germline antibodies, and the fact that HBcAg
is one of the few identified targets of human germline antibodies is
peculiar and may be a key to the pathogenesis of this disease.
These high-affinity antibodies appear to be produced in a T cell-
independent manner upon direct high-affinity engagement by
HBcAg without the need to undergo somatic hypermutation.
Thus, altogether, our findings suggest a model of ALF patho-
genesis (Fig. 7) whereby cell-surface HBcAg can be recognized by
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high-affinity intrahepatic germline antibodies, leading to wide-
spread complement-dependent cytotoxicity and liver damage. This
mechanism is consistent with the dramatic clinical course of ALF,
where massive liver necrosis may occur within hours from the
disease onset.

While T cell immunity is central to the pathogenesis of
classic acute hepatitis B (3-6), our data suggest that it does not
play a prominent role in ALF. This concept is corroborated by
an outbreak of fulminant hepatitis B in hemodialysis patients
with a severely compromised cellular immunity (57). Despite
the presence of infiltrating CD8-positive T cells in the livers of
our patients, we found overexpression of negative regulators
of T cell activation, including CTLA4, which inhibit T cell re-
sponses (58). These findings may explain the limited T cell
gene signature detected in ALF along with the lack of markers
of activated cytotoxic T lymphocytes, including IFN-regulated
chemokines. These data raise the question of whether the lack
of an early and robust T cell response may predispose to the
development of ALF, since infected hepatocytes are not readily
cleared by cytotoxic T cells, as occurs in classic acute hepatitis
B (3-6).

I(Althgugh the number of patients included in this study was
limited, we emphasize that due to the rarity of ALF, its dramatic
clinical course, and the difficulties in obtaining liver samples, there
is not a single study published to date, except for ours in 2010 (19),
in which the molecular pathogenesis of this disease has been
investigated in the liver. Moreover, the liver specimens were
obtained at a single time point, at the time of liver trans-
plantation, but this occurred within 5 d from hospital admission.
The finding that high titers of serum IgM anticore (>1:500,000)
were still present in all ALF patients at the time of liver
transplantation further suggests that the presence of antibodies
in germline configuration of IgM and IgG class, with an un-
usual extraordinary high affinity against HBcAg and uniquely
detected in the liver of ALF patients, does not reflect an epi-
phenomenon but rather suggests that these antibodies are
pathogenic. This hypothesis is also supported by the lack of
germline antibodies in the liver of chimpanzees with acute
hepatitis B, obtained at the time of ALT peak, when the titer of
IgM anticore was still high in both animals. In addition, the fact
that our findings were highly consistent in all four patients
studied provides strong evidence for the robustness of our
data. Our patients were all infected with HBV genotype D.
Although it would be interesting to study other genotypes,
genotype D is one of the most frequently associated with ALF
both in the United States (11, 18) and in other parts of the
world (47, 49, 59).

In summary, our comprehensive study provides evidence for
a major role of the humoral immunity in the pathogenesis of
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Fig. 7. Potential model of HBV-associated ALF. Our data suggest a model
for the pathogenesis of HBV-associated ALF, whereby liver damage is me-
diated by a T cell-independent B cell response centered in the liver with
massive intrahepatic production of IgM and IgG antibodies in germline
configuration with extraordinarily high binding affinity, exclusively directed
against the HBcAg of HBV. This may result in the formation of antigen-
antibody complexes on the surface of infected hepatocytes, leading to
complement activation and massive liver necrosis.

HBV-associated ALF, which appears to be the result of a rare
and unfortunate encounter between a host with an unusual
naive B cell repertoire and an infecting virus with a highly
mutated core antigen. This model of pathogenesis opens new
perspectives for therapeutic and prophylactic strategies aimed
at reducing the effects of the enhanced anti-HBc humoral im-
mune response and may lead to the discovery of novel di-
agnostic markers for the early diagnosis of ALF.

Materials and Methods

Study Design. We studied four patients with HBV-associated ALF. They were
previously healthy individuals who suddenly developed ALF that was docu-
mented by clinical, biochemical, serologic, virologic, and histopathological
criteria, as previously reported (60). The source of HBV infection was un-
known for all four patients. None of them had a known risk factor or was an
i.v. drug addict. The diagnosis of ALF was based on the occurrence of liver
failure and hepatic encephalopathy in individuals with no prior liver disease
according to previously established criteria (61). All four patients underwent
liver transplantation at the Liver Transplantation Center in Cagliari, Italy,
and the liver specimens were obtained from the explanted liver at the time
of liver transplantation. The study design is illustrated in S/ Appendiix, Fig. S1.
As a control group, we studied 10 liver donors and 7 subjects who un-
derwent liver resection for hepatic hemangioma with normal liver.

Study Approval. Written informed consent was obtained from each patient or
the next of kin. Our study was approved by the Review Board of the Hospital
Brotzu, Cagliari, Italy, and by the NIH Office of Human Subjects Research,
granted on the condition that all samples were deidentified.

Chimpanzees. To compare ALF with classic acute self-limited hepatitis B, we
studied archival liver biopsies from two healthy, adult seronegative chim-
panzees (Ch.5835 and Ch.1627) experimentally infected HBV (ayw) (5, 6),
included in prior studies aimed at investigating the pathogenesis of acute
hepatitis B. The animals were handled in compliance with guidelines and
requirements specified by the Animal Research Committees at the National
Institutes of Health (62). Both animals had been inoculated with 10® genome
equivalents of HBV (serotype ayw) (63).

Full-Genome HBV NGS. To investigate the genetic heterogeneity of HBV strains
associated with ALF, HBV full-genome sequencing was performed both in
serum and liver of each of the four patients with this disease using NGS (S/
Appendix, SI Materials and Methods).

Bioinformatics Analysis of Sequences and Variants. DNA sequences were ana-
lyzed against the HBV reference sequence of V01460 using VariantCaller
3.2 software on the lon Torrent Server. The analysis pipeline was set at the high
stringency somatic variant configuration. A nucleotide variant was called if the
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variant occurred >50 times with an average read depth > 1,000x and a P
value < 107° (quality score > 50), as previously described (64). The raw read data
were also manually verified using a genome browser IVG (The Broad Institute).

HBV Genotype and Subgenotype Analysis. The genotype and subgenotype of
HBV sequences from our ALF patients were determined by phylogenetic
analysis using HBV reference sequences for each HBV genotype: A (X02763),
Aafr (AF297621), Ba (D00330), Bj (AB073858), C (AB033556), Caus (AB048704),
D (X02496), E (X75657), F (X69798), G (AF160501), H (AY090454) and sub-
genotypes D1 (AF151735, AF280817), D2 (AB078033, X72702), D3 (X85254,
V01460), D4 (FJ904442, AB048701), D5 (AB033558), and D7 (FJ904447,
FJ904444), retrieved from GenBank.

Generation of Full-Length Replication-Competent HBV DNA Genomes. The
constructs were made using previously published methods (65, 66) with some
modifications. Synthetic wild-type (genotype D, serotype ayw) or mutant (in
accordance to the sequencing data from patients 241 and 31) linear mo-
nomeric HBV genomes with Xhol sites at the both terminal ends were syn-
thesized (Biobasic) (S/ Appendix, SI Materials and Methods).

Expression of HBsAg in Mammalian Cells. Viral genomic sequences encoding
HBsAg from each patient with ALF (patients 31, 32, 219, and 241) were
cloned, expressed, and used to screen Fab phage libraries constructed from
the liver of the autologous patients. Details are described in S/ Appendix, SI
Materials and Methods.

Expression and Purification of HBV Core Particles from Patients with HBV-
Associated ALF. Viral genomic sequences encoding HBcAg from each pa-
tient with ALF were cloned, expressed, and used to screen Fab phage libraries
constructed from the liver of the autologous patients. Based on sequencing
data, genes coding for HBcAg of patient 31, 32, 219, and 241 and the gene
coding for wild-type ayw HBcAg (21) were synthesized by Gene Art (Invitrogen)
(S! Appendix, SI Materials and Methods).

Gene Synthesis and Expression of HBcAg from Two Acutely Infected Chimpanzees.
Genes coding for HBcAg based on the sequence recovered from the two
chimpanzees, which was identical to the reference wild-type HBV sequence
(ayw) (21), were synthesized and expressed in Escherichia coli.

Kinetics Analysis of HBcAg Expression in Cell Culture. Details are described in S/
Appendix, S| Materials and Methods.

Immunofluorescence, Confocal Microscopy, HBcAg-Binding Assay, Flow Cytometry,
and Complement Fixation. See S/ Appendix, SI Materials and Methods.

Gene-Expression Profiling and Statistical Analysis. Gene-expression and microRNA-
expression profiling was performed in all 17 liver specimens obtained from
the four patients with ALF and in all 17 controls, using Affymetrix Human
U133 Plus 2 arrays and Affymetrix GeneChip miRNA 2.0 arrays (Affymetrix),
respectively. Details on these methods and on the statistical analysis are
reported in SI Appendix, SI Materials and Methods.

Generation of Fab-Display Phage Libraries. Eight phage-display Fab libraries, one
IgG1 and one IgM from each of the four patients with ALF, were constructed as
previously reported (19, 60) using total RNA extracted from liver tissue. Each library
had an average size of 1 x 10® individual clones. One IgG1 phage display Fab li-
brary was also generated for each of the two chimpanzees with an average size of
1 x 108 individual clones (S/ Appendix, Fig. S1D). No IgM library was constructed
from the chimpanzees because PCR amplification of Ig y-chains was negative.

Analysis of Intrahepatic IgM and IgG Extracted from Liver Tissues of ALF
Patients. Details are described in S/ Appendix, SI Materials and Methods.

Affinity Measurement by Surface Plasmon Resonance. Surface plasmon reso-
nance experiments were performed in a Biacore 3000 instrument (GE
Healthcare). Details are described in S/ Appendix, SI Materials and Methods.

NGS of Intrahepatic IgM and IgG Repertoire and Bioinformatics Analysis of
Illumina Paired-End Sequencing. Details are reported in S/ Appendix, S| Ma-
terials and Methods.
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