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Abstract Epstein-Barr virus (EBV) infection is usually asymptomatic and persists lifelong. Although EBV-infected B cells have
the potential for unlimited proliferation, they are effectively removed by the virus-specific cytotoxic T cells, and
EBV-associated lymphoproliferative disease develops only in immunocompromised hosts. Rarely, however, individuals
without apparent immunodeficiency develop chronic EBV infection with persistent infectious mononucleosis-like
symptoms. These patients have high EBV-DNA load in the peripheral blood and systemic clonal expansion of EBV-
infected T cells or natural killer (NK) cells. Their prognosis is poor with life-threatening complications including
hemophagocytic lymphohistiocytosis, organ failure, and malignant lymphomas. The term “chronic active EBV infec-
tion” (CAEBV) is now generally used for this disease. The geographical distribution of CAEBYV is markedly uneven and
most cases have been reported from Japan and other East Asian countries. Here we summarize the current understanding
of CAEBV and describe the recent progress of CAEBV research in Japan.
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Epstein—Barr virus (EBV) was discovered in cultured cells of
Burkitt lymphoma as the first human tumor virus.! Since then
EBV has been found to be associated with a number of malig-
nancies, including Hodgkin lymphoma, nasopharyngeal carci-
noma, and gastric carcinoma.? Despite this close association with
these malignancies, EBV was found to be a ubiquitous virus
infecting >90% of the adult population worldwide. EBV-
associated malignancies thus develop in a restricted fraction of
hosts through collective effects of various factors, including host
genetic background and environmental factors, as well as func-
tions of EBV genes. EBV infection in humans is usually asymp-
tomatic and persists lifelong as a latent infection, although
primary infection later than adolescence frequently results in
infectious mononucleosis (IM). IM is caused by transient prolif-
eration of EBV-infected B cells accompanied by excessive
response of EBV-specific cytotoxic T cells (CTL). The main
target of EBV is B cells and epithelial cells, and EBV has a
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unique biological activity to transform B cells and establish
immortalized lymphoblastoid cell lines. Given that EBV-
transformed cells express at least nine viral proteins including the
highly immunogenic EBV nuclear antigen 3 (EBNA3) and
EBNAZ2 (the latency III type EBV gene expression), they are
readily removed by the virus-specific CTL and the virus does
not cause lymphoproliferative disease (LPD) in normal immu-
nocompetent hosts.® In immunocompromised hosts such as trans-
plant recipients and AIDS patients, however, EBV-transformed
cells are not efficiently removed and may cause EBV-associated
B-cell LPD.

Rare EBV-infected individuals without apparent immunode-
ficiency present with persistent or recurring IM-like symptoms
including fever, hepatosplenomegaly, lymphadenopathy, and
liver dysfunction, as well as high EBV-DNA load in the periph-
eral blood.*” The term “chronic active EBV infection” (CAEBV)
is now generally used to describe this disease. Patients with
CAEBY encountered in Japan and other East Asian countries
have poor prognosis and are characterized by clonal expansion of
EBV-infected T cells or natural killer (NK) cells.* " In contrast, a
similar disease with less morbidity and mortality has been
reported from Western countries and it is usually associated with
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proliferation of EB V-infected B cells." In this review, focused on
CAEBV as an EBV-associated T/NK-cell LPD (EBV* T/NK-
LPD), we summarize the current understanding of the disease
and describe the authors’ own recent work subsidized by grants
from the Ministry of Health Labour and Welfare of Japan.

Clinical characteristics of CAEBV and other
EBV-associated T/NK-LPD

As described in the previous section, IM-like symptoms are the
main symptoms of CAEBV.*" Other clinical manifestations
include thrombocytopenia, anemia, pancytopenia, diarrhea, and
uveitis. Peripheral blood EBV-DNA load regularly exceeds
10> copies/plg  DNA." High-level production of various
cytokines, including interleukin (IL)-1f, IL-10, and interferon
(IFN)-v has been detected in CAEBV patients and is thought to
play an important role in inflammatory symptoms of the
disease."'* CAEBV can be classified into the T-cell and NK-cell
types, depending on which lymphocyte subset is mainly infected
with EBV. A survey of Japanese CAEBV patients found that the
T-cell type is associated with less favorable prognosis than the
NK-cell type."** CAEBV was included in the 2008 World Health
Organization (WHO) classification of lymphomas as the
systemic EBV* T-cell LPD of childhood.”

Although the clinical course of CAEBYV is chronic, patients
often develop fatal complications such as multi-organ fail-
ure, disseminated intravascular coagulopathy (DIC), digestive
tract ulcer/perforation, coronary artery aneurysms, and malig-
nant lymphomas, as well as EBV-associated hemophagocytic
lymphohistiocytosis (EBV-HLH).” HLH is a hyper-inflammatory
condition caused by overproduction of cytokines by excessively
activated T cells and macrophages. Clinical characteristics
of HLH include fever, hepatosplenomegaly, pancytopenia,
hypertriglyceridemia, DIC, and liver dysfunction.EBV-HLH
usually occurs following primary EBV infection and is itself
characterized by clonal proliferation of EBV-infected T or NK
cells (most often CD8* T cells).?* EBV-HLH can also occur in
association with X-linked lymphoproliferative disease (XLP) and
XIAP deficiency.”

Patients with CAEBV may have characteristic cutaneous
complications, namely hypersensitivity to mosquito bites (HMB)
and hydroa vacciniforme (HV), that are themselves distinct EBV*
T/NK-LPD characterized by clonal proliferation of EBV-infected
T or NK cells. Both HMB and HV can occur independently or in
association with CAEBV. HV is a childhood photosensitivity
disorder, characterized by necrotic vesiculopapules on sun-
exposed areas.”* EBV-DNA level is elevated in patients” periph-
eral blood, and histochemical analysis of skin lesions indicates
infiltration of T cells expressing EBV-encoded small RNA
(EBER).*Although most cases of HV resolve by early adulthood,
HV overlapping with CAEBV may eventually develop into EBV-
positive malignant lymphoma, which was included in the 2008
WHO classification of lymphoma as the hydroa vacciniforme-
like lymphoma."”* HMB is characterized by severe local skin
reactions to mosquito bites including erythematous swelling with
bullae, necrotic ulcerations, and depressed scars.”” These local
reactions may be accompanied by general symptoms such as high
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fever, lymphadenopathy, and liver dysfunction. Most HMB
patients have EBV infection in NK cells in skin lesions and
peripheral blood.”” HMB patients without systemic symptoms
may eventually develop CAEBV.

Prospective clinicopathologic analysis of CAEBV and
other EBV* T/NK-LPD

Chronic active EBV infection, EBV-HLH, HMB, and HV are
thus distinct but overlapping entities categorized as EBV*
T/NK-LPD. The higher incidence of these diseases in East
Asian countries and their occasional coincidence in a single
patient imply a common pathogenesis.™* Kimura et al. per-
formed a large-scale prospective study of Japanese EBV*
T/NK-LPD.** A total of 108 cases of EBV* T/NK-LPD (80
cases of CAEBYVY, 15 cases of EBV-HLH, nine cases of HMB,
and four cases of HV) were analyzed. They found that the clini-
cal profile of EBV* T/NK-LPD is closely linked with the
lineage of EBV-infected cells. More than half (53%) of EBV-
HLH patients had EBV in the CD8" T-cell subset, in contrast to
the low incidence of EBV infection in this subset in the other
EBV* T/NK-LPD. Most HMB patients (89%) had EBV-
infected NK cells, whereas the majority (75%) of HV patients
had EBV-infected y0T cells. In a median follow-up period of
46 months, 47 patients (44%) died of severe organ complica-
tions and 13 (12%) developed overt lymphoma or leukemia.
Age of onset =8 years and liver dysfunction were risk factors
for mortality, and transplant patients had better prognosis.
Patients with CD4* T-cell infection had shorter survival as com-
pared with those with NK-cell infection. Because shorter time
from onset to hematopoietic stem cell transplantation (HSCT)
and inactive disease at HSCT were associated with longer
survival, earlier HSCT in good condition was considered
preferable. Among the 108 patients enrolled, four patients
developed aggressive NK-cell leukemia (ANKL) and six
patients developed extranodal NK/T-cell lymphoma (ENKL). It
is thus conceivable that a certain fraction of patients with
ANKL and ENKL developed these malignancies as a conse-
quence of CAEBV.?2%

Characteristics of adult CAEBV

Chronic active EBV infection has been described mainly as a
disease of childhood and young adulthood; the mean age of onset
was estimated to be 11.3 years." Recently, however, an increas-
ing number of adult patients fulfilling the criteria of CAEBV has
been reported. This may be a true increase in the incidence of
adult-onset CAEBV or reflect improved recognition of this
disease by physicians. Arai et al. reviewed 23 cases of adult-
onset CAEBYV and described the characteristics.* In 87% of adult
cases, T cells were infected with EBV, whereas in childhood-
onset cases, the T- and NK-cell types were equally frequent.
Adult-onset cases appeared rapidly progressive and more aggres-
sive, although the number of patients analyzed was limited.
Further investigation with a larger number of patients is required
to elucidate the characteristics of adulthood CAEBV and its
relation to the childhood counterpart.
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Recurrence of CAEBV with EBV-infected, donor-derived
T cells following HSCT

The relative prevalence of CAEBV in East Asia and in natives of
Central and South America implies a genetic background for its
pathogenesis. Recently HLA-A*26, a major histocompatibility
complex class I allele relatively common in East Asia, was found
to be associated with an increased risk for EBV* T/NK-LPD.%
Although the possible involvement of EBV strains with increased
propensity to induce T/NK-cell lymphoproliferation cannot be
formally denied, it is highly unlikely because outbreaks and
familial transmission of CAEBV have not been reported. Arai
et al. reported an intriguing case of CAEBV in which the patient
experienced relapse after bone marrow transplantation.’® A
35-year-old female patient with CAEBV of the CDS8 type had
HSCT from an unrelated male donor following myeloablative
preconditioning with total body irradiation. The serologic HLA
types of the patient and the donor were identical, whereas the
DNA types were different in two HLA-DR alleles. Although the
peripheral blood EBV-DNA was undetectable at 1 month after
HSCT and remained so for nearly 12 months, the patient’s EBV-
DNA load increased again and reached 1.0 x 10° copies/ug DNA.
EBV was found primarily in CD8" T cells again, but the EBV-
infected cells now had an XY karyotype, clearly indicating their
donor origin. Sequencing analysis of the variable region of the
EBV-encoded LMPI gene showed that the virus strain infecting
the CD8" T cells was different before and after bone marrow
transplantation, suggesting that the repeated episodes of CAEBV
were not caused by a rare EBV strain with an unusual biological
activity. If we do not suppose that these two consecutive episodes
of CAEBYV in a single patient occurred only by chance, these
findings suggest that the patient may have had a certain genetic
background that exerts its direct effects on cellular lineages unre-
lated to hematopoietic stem cells.

Pathophysiology of CAEBV

The pathogenesis of CAEBYV is not understood. Most T and NK
cells do not express the EBV receptor CD21, and the mechanism
of their infection with EBV is not clear. Transfer of CD21 from B
cells to NK cells through immunological synapse may render the
latter cells accessible to EBV.*” The mechanism by which EBV
induces proliferation of T and NK cells is not known either.
EBV-induced expression of CD40 and its engagement by CD40L
may have a role in the survival of EBV-infected T and NK cells
of CAEBV patients.® Given that EBV-positive T or NK cells
have been occasionally found in the tonsil and peripheral blood
of IM patients, ectopic EBV infection in T or NK cells does not
necessarily lead to the development of CAEBV.**' Although
EBV-infected T and NK cells in CAEBV patients and cell lines
derived from them do not express the most immunodominant
EBNA3 and EBNAZ2, they express EBNA1, latent membrane
protein 1 (LMP1) and LMP2 (the latency II type EBV gene
expression) that are frequently recognized by EBV-specific
CTL.>*#*% Hosts with normal immune functions are thus
expected to have the capacity to recognize EBV-infected T and
NK cells. It is thus conceivable that patients with CAEBYV have a
certain defect in immunologic functions that causes inefficient
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recognition and/or killing of EBV-infected latency I cells.
Indeed, deficiency in cellular immune responses to EBV has been
detected in patients with CAEBV.**The defect in T-cell
responses to LMP2A might be particularly relevant to this issue.*’
Interestingly, a patient with clinical manifestations similar to
CAEBY, although the virus was found in his B cells, was found
to have mutations in the gene encoding perforin, which has a
critical role in granule-mediated killing of target cells.* None of
the other patients with CAEBV, however, were found to have a
mutation in the perforin gene. Mutations of the genes responsible
for XLP, XIAP deficiency, and familial HLH (except for the type
2 that is caused by mutations of perforin) have not been reported
for patients with CAEBV.’

Clonal proliferation of EBV-infected T or NK cells in
CAEBYV and other EBV* T/NK-LPD implies that these diseases
have a malignant nature. CAEBYV, however, is a chronic disease
and patients with clonal expansion of EBV-infected T or NK cells
may remain in a stable condition for years without treatment.'®
Overt malignant lymphoma occurs usually after a long course of
disease. Therefore CAEBV may represent, at least in its early
phase, a premalignant or smoldering phase of EBV-positive
leukemia/lymphomas. Ohshima et al. proposed a pathological
categorization of CAEBV into a continuous spectrum ranging
from a smoldering phase to overt leukemia/lymphoma.®
Clonality of EBV-infected T or NK cells in CAEBV may not
necessarily indicate a malignant phenotype; acquisition of
clonality might be a result of other selective processes such as
immune escape.

Mouse xenograft models for EBV* T/NK-LPD

Animal models for EBV* T/NK-LPD have not been available,
rendering research on their pathogenesis and therapy difficult.
Imadome et al. transplanted peripheral blood mononuclear cells
(PBMC) isolated from patients with CAEBV and EBV-HLH into
immunodeficient mice of the NOD/Shi-scid/IL-2Ry™" (NOG)
strain, and successfully reproduced major features of these dis-
eases including systemic monoclonal proliferation of EBV-
infected T or NK cells and hypercytokinemia (Fig. 1).°' Although
many features were common to CAEBV and EBV-HLH model
mice, hemorrhagic lesions in the abdominal and thoracic cavities
and extreme hypercytokinemia were unique to the latter model,
indicating that these mouse models reflect the differences in the
pathophysiology of the original diseases. Importantly, these
models revealed an essential role of CD4* T cells in the
engraftment of EB V-infected T and NK cells. In vivo depletion of
CD4" T cells following transplantation effectively prevented the
engraftment of EBV-infected cells of not only the CD4* lineage
but also the CD8" and CD56" lineages. Furthermore, OKT-4
antibody given after engraftment was also effective to reduce
EBV-DNA load in the peripheral blood and major organs
(Imadome et al., unpubl. data 2012). These results suggest that
therapeutic approaches targeting CD4* T cells may be possible.

Diagnosis and monitoring of CAEBV

Prolonged or relapsing symptoms of IM are the major clue to the
diagnosis of CAEBV. Although elevated serum antibody titers
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Fig.1 Mouse xenograft model of chronic active Epstein—Barr virus infection (CAEBV). Peripheral blood mononuclear cells (PBMC) of a
patient with the CD8 type CAEBV were transplanted i.v. into NOD/Shi-scid 112rg ™" (NOG) mice. (a) Measurement of peripheral blood
EBV-DNA. EBV-DNA load increased rapidly from approximately 9 weeks after transplantation, when (@) whole PBMC but not ([J) isolated
CD8* cells were transplanted. (b) Splenomegaly of a model mouse. (c) Pathological analysis. Histochemical analysis showed massive
infiltration of EBV-encoded small RNA (EBER)*/CD207/CD3*/CD45RO" cells in most major organs including the spleen, kidneys, lungs, and
small intestine. (d) T-cell receptor (TCR) repertoire analysis of peripheral blood T cells isolated from the patient and a mouse that received the
patient’s PBMC. An identical clone of EBV-infected T cells expressing V14 is proliferating in the patient and the corresponding mouse.
(e) Human cytokine levels in CAEBV model mice. Serum levels of interleukin (IL)-8, interferon (IFN)-y, and regulated on activation, normal
T-cell expressed and secreted (RANTES) were measured in mice that were transplanted with PBMC isolated from either a CD8-type or an
NK-type CAEBYV patient. The same set of cytokines was also quantified in the sera of the original patients and healthy donors. Modified from
PLoS Pathog. 2011; 7(10): €1002326.
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against EBV-encoded antigens are often found, this does not
always occur, and normal titers of anti-EBV antibodies should
not preclude the diagnosis of CAEBV.” Diagnostic criteria for
CAEBV have been published.”® Quantification of peripheral
blood EBV-DNA is most important for diagnosis and a finding of
elevation should be followed by identification of EBV-infected T
or NK cells. Quantification of EBV-DNA is, however, influenced
by many factors and the results can vary in different labora-
tories.”* Recently, therefore, an international standard EBV-DNA
sample for normalization became available from the National
Institute for Biological Standards and Controls, USA. Given
that CAEBV is a chronic disease that may progress to overt
malignancy and early HSCT in a better clinical condition is
recommended, precise monitoring of patient clinical parameters
is particularly important.

Flow-cytometric in situ hybridization for identification
of EBV-infected cells

Diagnosis of CAEBV requires exact phenotyping of EBV-
infected cells. This has usually been done with immunobead
sorting of PBMC into lymphocyte subsets, followed by meas-
urement of EBV-DNA in each subset using quantitative poly-
merase chain reaction. These processes are, however, time-
consuming and require specific skills. Kimura ef al. developed a
new method termed “flow-cytometric in situ hybridization”
(FISH) to phenotype EBV-infected cells (Fig. 2).%*5* They uti-
lized a fluorescence-labeled peptide nucleic acid (PNA) probe
complementary to EBER and succeeded in detecting EBER on
flow cytometry. Following reaction with antibodies specific to
surface markers, PBMC were permeabilized and subjected to in
situ hybridization with the PNA probe. EBER probes and
surface-bound antibodies were then detected simultaneously on
flow cytometry. EBV-infected cells with a certain phenotype
can be directly counted using FISH, which is less laborious
than the current method. They showed that FISH can be applied
for the diagnosis of EBV* T/NK-LPD, and that EBV infects
mainly y8T cells in HV.3*

MicroRNA as a potential biomarker of CAEBV

MicroRNA (miRNA) is a small non-coding RNA of 18-25
nucleotides that plays a critical role in the regulation of cellular
proliferation, differentiation, and apoptosis through negatively
regulating mRNA translation.”® miRNAs are encoded not only by
cells but also by viruses; EBV is actually the first virus shown to
encode miRNAs.” Two clusters of EBV-encoded miRNAs have
been identified: miR—-BamHI fragment H rightward open reading
frame 1 (miR-BHRF1) and miR—-Bam HI A region rightward
transcripts (miR-BART).*® Kawano et al. reported that plasma
levels of miR-BART 1-5p, 2-5p, 5, and 22 are significantly higher
in patients with CAEBV than in those with IM and healthy
controls.*”® Plasma miR-BART 2-5p, 4, 7, 13, 15, and 22 levels
were significantly elevated in CAEBV patients with active
disease compared to those with inactive disease. miR-BART 13
level could differentiate patients with active disease from those
with inactive disease, with a clear cut-off. Similarly, plasma
miR-BART 2-5p and 15 levels could clearly differentiate patients
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with complete remission from others. Importantly, plasma EB V-
DNA level did not show any significant correlation with these
clinical parameters. These results suggest that EBV-encoded
miRNA in plasma may be a useful biomarker for the diagnosis
and monitoring of CAEBV.

Therapy of CAEBV

Various therapies have been tried for the treatment of CAEBY,
including antiviral, chemotherapeutic, and immunomodulatory
drugs, with only limited success. These regimens induced sus-
tained complete remission in only exceptional cases and HSCT is
at present the only curative therapy for CAEBV.® The current
event-free survival rate for CAEBV patients following HSCT is
estimated to be 0.561 £0.086.5Very recently, Kawa et al.
reported excellent results of HSCT following non-destructive
pretreatment (reduced intensity hematopoietic stem cell trans-
plantation; RIST).®” For 18 pediatric patients with CAEBV who
were treated with RIST, 3 year event-free survival was
85.0 + 8.0% and the 3 year overall survival rate was 95.0 £ 4.9%.
HSCT is thus the therapy of choice for CAEBYV, but HSCT is still
accompanied by substantial risk and CAEBYV patients have high
risk for transplantation-related complications.”® It is therefore
desirable to develop novel therapies that do not depend on HSCT.
Preclinical studies of two candidate drugs for CAEBV have been
carried out recently and gave hopeful results.

Bortezomib, known as an inhibitor of 26S proteasome,® also
has an inhibitory effect on the cellular transcription factor
NF-xB. Because the survival and proliferation of EBV-
transformed B cells are critically dependent on NF-xB activity,
bortezomib has been shown to induce apoptosis in these cells.**
Iwata et al. investigated the effect of bortezomib on EBV-
infected T-cell lines including those derived from CAEBV.®
Bortezomib induced apoptosis in all human T-cell lymphoma cell
lines examined, whether or not they were infected with EBV. In
addition, bortezomib induced the expression of EBV lytic-cycle
genes BZLF1 and gp350/220, as has been reported for EBV-
infected B-cell lines.® Bortezomib also induced apoptosis spe-
cifically in EBV-infected T or NK cells cultured ex vivo from
patients with EBV*T/NK-LPD.

Valproic acid is a widely used anti-epileptic drug and is also
known as a potent histone deacetylase (HDAC) inhibitor.
HDAC inhibitors have potent anticancer activities with proven
efficacy in various human malignancies. Valproic acid induces
lytic infection in EBV-infected B-lymphoblastoid and gastric
carcinoma cell lines and thereby potentiates the effects of
chemotherapeutic agents both in vitro and in vivo.” Iwata et al.
examined the effect of valproic acid on EBV-infected T and NK
cell lines.®® They found that this agent induces apoptosis in
human EBV-infected T and NK cells. Use of the drug with the
NF-xB inhibitor bortezomib had an additive effect. In contrast
to the previous results with EBV-infected B-cell lines, valproic
acid did not induce lytic infection in the virus-infected T- and
NK-cell lines, indicating that the apoptosis-inducing effect
of valproic acid is not dependent on induction of EBV lytic
cycle.

© 2014 Japan Pediatric Society
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Fig. 2 Flow-cytometric in situ hybridi-
zation (FISH). (a) Protocol of FISH.
(b) Results of FISH in a patient with
hydroa vacciniforme. Red, EBER-
positive cells; blue, EBER-negative
cells. Most EBV-infected cells in the
peripheral blood of this patient had the
phenotype  CD3*/CD4/CD8/TCRYd*.
(c) Results of FISH in a patient with the
NK-cell type chronic active Epstein—
Barr virus infection. Red, EBER-
positive cells; blue, EBER-negative
cells. The majority of EBV-infected
cells in the peripheral blood of this
patient were CD56" NK cells. Also, a
small proportion of TCRoB*/CD3"/
CD4* cells also contained EBV. EBER,
Epstein-Barr  virus-encoded  small
RNA; FITC, fluorescein isothiocyanate;
PNA, peptide nucleic acid; RT, reverse
transcription.



Perspective

Significant progress has been made in the research of many
aspects of CAEBYV, including pathophysiology, diagnosis, moni-
toring, and therapy, but the fundamental cause of the disease has
not been elucidated. The recent development of novel technol-
ogies for genetic analysis, including new-generation sequencing,
may enable identification of genetic alterations responsible for
CAEBV. Given that CAEBV is an uncommon disease, it may
sometimes take years for the correct diagnosis to be reached. The
advanced techniques required for this also make the diagnosis of
CAEBYV difficult. Although there is a consensus that early HSCT
produces a better result, the decision to have HSCT is often
difficult, especially when the patient is in a stable condition
without severe symptoms. Establishing a standard clinical guide-
line for the diagnosis and treatment of CAEBV will alleviate
these problems and facilitate quick and accurate diagnosis, fol-
lowed by timely intervention with the right choice of treatment.
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It has been unclear whether chromosomally integrated
human herpesvirus 6 (ciHHV-6) can be activated with path-
ogenic effects on the human body. We present molecular and
virological evidence of ciHHV-6A activation in a patient with
X-linked severe combined immunodeficiency. These findings
have significant implications for the management of patients
with ciHHV-6.
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syndrome; thrombotic microangiopathy.

Human herpesvirus 6 (HHV-6) is a ubiquitous DNA virus that
is the causative agent of roseola infantum, and infects individ-
uals by 3 years of age [1]. After primary infection, HHV-6 es-
tablishes a latent state in the host. There are 2 distinct species,
HHV-6A and HHV-6B. Most HHV-6 infections are caused by
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HHV-6B, whereas HHV-6A is less common. Chromosomally
integrated HHV-6 (ciHHV-6) is the state in which HHV-6
(HHV-6A or HHV-6B) is integrated into the host germline ge-
nome, and it is transmitted vertically in a Mendelian manner.
Although ciHHV-6 affects about 1% of the general population,
it is generally considered to be a nonpathogenic condition.
However, it is unclear whether ciHHV-6 can be activated
with pathogenic effects on the human body [2].

Severe combined immunodeficiency (SCID) is a group of
genetic disorders that result in a combined absence of T- and
B-cell immunity. It is characterized by life-threatening infec-
tions during the first year of life unless treated, usually with he-
matopoietic stem cell transplantation (HSCT). X-linked severe
combined immunodeficiency (X-SCID) arises from a mutation
in the interleukin 2 receptor, gamma (IL2RG) gene on the X-
chromosome [3]. We encountered a boy with X-SCID in
whom ciHHV-6A was activated.

CASE REPORT

A 2-month-old boy was hospitalized for recurrent episodes of
fever, cough, diarrhea, and failure to thrive. Upon admission,
a viral infection was suspected, and supportive care did not im-
prove his symptoms.

Twenty days after admission, mild pancytopenia (leukocyte
count, 1.4 x 10°/L; hemoglobin level, 78 g/L; and platelet
count, 37 x 10°/L) and elevated aminotransferases and ferritin
were evident (aspartate aminotransferase, 448 U/L; alanine
aminotransferase, 218 U/L; and ferritin, 4325 ng/mL) (Supple-
mentary Figure 1). A bone marrow biopsy showed a hypocellu-
lar condition without dysplastic changes, as well as increased
activated phagocytes. These results suggested hemophagocytic
syndrome (HPS).

An immunological evaluation revealed an absence of T cells
and low immunoglobulin levels. Genetic analysis identified
a mutation in the IL2RG that was consistent with X-SCID. The
patient’s mother was heterozygous for the same mutation, and
there was no such mutation detected in the patient’s father.

A comprehensive search for a pathogen identified high levels
of HHV-6 DNA (1.2 x 107 copies/ug DNA) in his peripheral
blood. Antiviral treatment with ganciclovir or foscarnet did
not reduce the viral load, and ciHHV-6 was suspected. We de-
tected high levels of HHV-6 DNA in the patient’s fingernails,
the father’s peripheral blood, and the father’s hair follicles
(5.9 %10 1.0 x 107, 1.2 x 10° copies/ugDNA, respectively).
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Fluorescence in situ hybridization analysis of the patient’s fibro-
blasts and his father’s peripheral blood mononuclear cells
(PBMCs) confirmed HHV-6 integration at chromosome 22 in
both individuals (Figure 1); these results suggested vertical
germline transmission.

However, discontinuation of antiviral treatment led to a de-
terioration of the patient’s HPS. Because no other pathogen was
detected, activation of HHV-6 was suspected. To confirm this
suspicion, we performed 3 assays that could detect viral activa-
tion despite the presence of integrated HHV-6 DNA. First, re-
verse transcription polymerase chain reaction (RT-PCR) was
used to detect viral RNA in whole-blood samples. RT-PCR
was performed on 2 HHV-6 genes, the late gene U60/66 and
the immediate-early (IE) gene IE1, as described previously
[5]. We detected viral RNA for both genes (4.6 x 10* copies/
ug RNA for U60/66 and 5.2 x 10 copies/pg RNA for IE1). Sec-
ond, immunostaining was used to detect IE antigens in a bone
marrow sample taken at the time of HPS (Figure 2 and Supple-
mentary Figure 2) [6]. Last, HHV-6A was isolated from the pa-
tient’s PBMCs. It was cultured with cord blood cells and its
presence confirmed by immunofluorescent staining with an
anti-HHV-6 monoclonal antibody (Figure 3 and Supplementa-
ry Figure 3) [1].

Two hypotheses were postulated: Either the patient with
ciHHV-6 was infected de novo with HHV-6, or HHV-6 was ac-
tivated from the ciHHV-6 genome present in this patient. We
performed a sequence analysis of the HHV-6 IEI gene, as IE1
is variable and readily used to distinguish between HHV-6 var-
iants [7]. DNA samples from isolated HHV-6A (described
above), the patient’s fingernails, his father’s hair follicles, and
laboratory strains U1102 and Z29 were amplified by PCR and

Figure 1. Integration of human herpesvirus type 6 (HHV-6) in chromo-
some 22 was demonstrated by fluorescence in situ hybridization analysis.
Fibroblasts derived from the patient’s skin (4) and peripheral blood mono-
nuclear cells from the father (B) were cohybridized with HHV-6-specific
{yellow arrow) and chromosome-22-specific probes (white arrows) [4].
HHV-6 integration in only one of the chromosome 22 alleles was shown
in both materials. In sets of A and B are the enlared images of FISH
data positively cohybridized with both probes.

sequenced. Because active HHV-6 is not present in the finger-
nails or hair follicles, we could amplify the original integrated
HHV-6 strain from the genomes in these tissues. To our sur-
prise, the sequences and subsequent phylogenetic analysis re-
vealed that the isolated virus was identical to the original
integrated HFIV-6A strain present in both the patient and his
father. Furthermore, this HHV-6A strain was unique in that it
differed from all other HHV-6 strains analyzed (Supplementary
Figure 4). These results suggested that the isolated HHV-6A
strain originated from the activation of ciHHV-6A. Analysis
of 3 other viral genes (gB, U94, and DR) confirmed these results
[8,9].

The resumption of antiviral drug treatment with prednisolone
ameliorated the patient’s HPS. When he reached age 7 months,
the patient underwent HSCT. Antiviral drug treatment was con-
tinued during HSCT, and engraftment was achieved 14 days
after transplant. After engraftment, thrombotic microangiopathy
(TMA) and gastrointestinal bleeding developed. Simultaneously,
the patient’s HHV-6A DNA and RNA titers increased, and
HHV-6A was reisolated. Anticoagulant therapy and a reduction
in tacrolimus dosage gradually improved the patient’s TMA.
With immunological reconstruction, the patient’s HHV-6A
DNA and RNA titers were successfully reduced and ultimately,
no HHV-6A was isolated from subsequent blood samples. The
asymptomatic patient was discharged at 12 months.

DISCUSSION

Since the discovery of ciHHV-6 in 1993, the question of whether
ciHHV-6 can be activated from its integrated state has been per-
petually debated [2]. With this case report, we provide the first
molecular and virological evidence of viral activation from
ciHHV-6A in the human body. This evidence comprises (1)
viral RNA and antigens detected in PBMCs and bone marrow,
as well as HHV-6A isolated from PBMCs; (2) HHV-6A se-
quences integrated into the patient’s and his father’s genomes,
which were identical to those of the isolated virus; and (3) an-
tiviral treatment and immunological reconstruction, which
were effective in treating this activated ciHHV-6A.

In an effort to understand the biological significance of
ciHHV-6, active viral replication from ciHHV-6 has recently
been demonstrated in vitro under specific experimental condi-
tions [9-11]. However, only a few studies have suggested
ciHHV-6 activation in vivo despite high ciHHV-6 prevalence
(approximately 1%) in the general population [12-14]. Activa-
tion of ciHHV-6 in vivo has been previously reported in moth-
ers with ciHHV-6 who passed on the infection to infants who
did not have inherited ciHHV-6 [8]. Our findings are consistent
with these findings, as we clearly demonstrate the activation of
HHV-6A in a patient who acquired ciHHV-6 via germline
transmission.
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Figure 2. Histology and human herpesvirus type 6 (HHV-6) immunostaining. A, Hematoxylin and eosin staining of bone marrow. Band C, Immunostaining

with an anti-HHV-6 antibody.

We speculate that the presence of X-SCID allowed for effi-
cient activation of ciHHV-6A, and this phenomenon was de-
tected with several technical strategies. Similarly, RT-PCR and
virus isolation showed conversion from an HHV-6-positive sta-
tus to a negative status with the patient’s immunological recov-
ery. In addition, these techniques were used to test samples
taken from the patient’s father. We were able to determine
that he was indeed the ciHHV-6 carrier, yet he was HHV-6A
negative. This suggests that X-SCID influenced the activation
of ciHHV-6A. Because X-SCID prevalence is extremely low
(about 0.001%), this case provides valuable insight into immu-
nocompromised individuals and HHV-6 infection. However,
the mechanism that triggered ciHHV-6A activation and repli-
cation in this patient remains to be elucidated. Further studies
of patients with ciHHV-6 are required to determine what causes
activation of this latent integrated virus.

The association between HHV-6 and HPS has previously
been reported [15], and a link between HHV-6 and TMA has
also been noted [16]. Therefore, it is possible that ciHHV-6A
activation in our patient was associated with HPS and TMA.
We noted that active HHV-6A infection coincided with

symptom onset and the active infection was controlled with an-
tiviral treatment. This suggests that HHV-6A is pathogenic, yet
it remains to be established whether activated HHV-6A enhanc-
es underlying pathological conditions, and whether the activa-
tion of ciHHV-6A occurs in a similar fashion for all infected
individuals.

Latent HHV-6 reactivation occurs in 40%-50% of recipients
during HSCT, and our case report is the first to demonstrate
that ciHHV-6A activation also occurs during this procedure. It
is possible that the presence of X-SCID allowed for viral activa-
tion, but further studies are required to validate this hypothesis.

We have described the first case to provide molecular and vi-
rological evidence of the activation of chromosomally integrat-
ed HHV-6A in the human body. However, our report has
limitations. We still do not know how virus production was trig-
gered from a state of ci(HHV-6A or how the production of the
virus affected the patient’s symptoms. Despite these limitations,
based on this case, we hypothesize that an immunodeficient
phenotype in conjunction with uncontrolled host defense sys-
tems allows the activation of ciHHV-6A. We support the rec-
ommendation that a screening program to detect ciHHV-6 in

Figure 3.

Immunofluorescent staining assay. A, Virus isolation confirmed with an anti— human herpesvirus type 6 antibody (gp116/64/54). B, U1102

cultured with cord blood cells {positive control}. C, Cord blood cells alone (negative control).
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transplant patients and donors be established, and recommend
that ciHHV-6 patients with immunocompromised status such
as primary immunodeficiency, human immunodeficiency
virus infection, or organ transplantation, be monitored carefully.

Suppliementary Data

Supplementar ials are available at Clinical Infectious Diseases online
(http:fcid.oxfordjonrnals.org). Supplementary materials consist of data
provided by the author that are published Lo benefit the reader. The posted
materials are not copyedited. The contents of all supplementary data are the
sole responsibility of the authors. Questions or messages regarding errors
should be addressed to the author.
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Hepatocyte Transplantation Using a Living Donor
Reduced Graft in a Baby With Ornithine
Transcarbamylase Deficiency: A Novel
Source of Hepatocytes

Received October 29, 2013; accepted November 17, 2013.

TO THE EDITORS:

We performed hepatocyte transplantation (HT) in an
11-day-old infant with ornithine transcarbamylase
deficiency (OTCD). We used cryopreserved hepatocytes
prepared from remnant liver tissue, a byproduct of a
hyper-reduced left lateral segment from living donor
liver transplantation (LDLT). The patient exhibited
hypothermia, drowsiness, and apnea at 3 days of age;
these symptoms were accompanied by hyperammone-
mia (1940 pg/dL at maximum), although there were
no abnormalities at birth or an obvious family history
(Fig. 1). Further examinations confirmed that the
hyperammonemia was the result of OTCD. Multimo-
dal treatments, including alimentotherapy, medica-
tions, and continuous hemodiafiltration (CHDF), did
not improve the patient’s clinical state, and severe
hyperammonemia attacks recurred. Because of the
patient’s small body size (2550 g) and the lack of an
available liver donor, HT was indicated. Hepatocytes
of the same blood type were chosen from an institu-
tional repository of cryopreserved hepatocytes pre-
pared from the remnant tissue of segment III from
unrelated living donors. Thawed hepatocytes were
transplanted twice at 11 and 14 days of age with a
double-lumen catheter inserted into the left portal
vein via the umbilical vein (Fig. 2). The amounts of
transplanted hepatocytes were 7.4 X 107 and 6.6 X
107 cells/body, and the viability rates were 89.1%
and 82.6%, respectively. The portal flow was kept sta-
ble at greater than 10 mL/kg/minute, and the pres-
sure was maintained at less than 20 mm Hg during
and after HT. The immunosuppressive treatment fol-
lowed the same protocol used for LDLT with tacroli-
mus and low-dose steroids.’ The patient was weaned
from CHDF and the ventilator at 26 and 30 days of
age, respectively, with a stable serum ammonia level

of 40 ug/dL. The patient was ultimately discharged 56
days after HT. During the 3 months of follow-up, the
baby did well with protein restriction (2 g/kg/day),
medication for OTCD, and immunosuppression. No
neurological sequelae related to hyperammonemia
have been observed so far (Fig. 1).

DISCUSSION

For children with metabolic liver disease, HT is indi-
cated as an alternative or bridge to liver transplanta-
tion.2 HT is less invasive than liver transplantation
and can be performed repeatedly. Limitations to the
widespread application of HT include the poor avail-
ability of hepatocytes. Therefore, it is important to
find new sources of high-quality hepatocytes. We pre-
viously prepared a repository of hepatocytes obtained
from remnant liver tissue, a byproduct of hyper-
reduced left lateral segmentectomy in LDLT.?

The cell donor was an unrelated volunteer with the
same blood type who had previously undergone
hyper-reduced left lateral segmentectomy. The main
unit of segment II was used as a monosegmental liver
graft for the primary recipient with end-stage liver dis-
ease, and the remnant was used to isolate hepato-
cytes with fully informed consent. The hepatocytes
were isolated according to the collagenase perfusion
method, as described elsewhere,® with Liberase MTF
C/T GMP grade (Roche). All procedures were per-
formed at our cell processing center according to a
strictly controlled protocol based on good manufac-
turing practices. The total number of transplanted live
hepatocytes was 1.4 X 108 cells/body; the ammonia
removal rate was more than 200 fmol/cell/hour
(203.4 and 265.4 fmol/cell/hour with the first and
second injections, respectively). The dose was judged
to be sufficiently high to obtain therapeutic effective-
ness according to our theoretical background.*
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Figure. 1. Treatment schedule (top) and patient condition (bottom). The changes with time for blood ammonia and blood urea nitrogen
are shown. The baby was delivered vaginally as a first child. At 3 days of age, hypothermia, low oxygen saturation, and, finally, respira-
tory arrest occurred. The patient was incubated and given artificial respiration. Concurrently, hyperammonemia (1940 pg/dL) was found,
and continuous hemodiafiltration (CHDF) was started in addition to alimentotherapy (protein withdrawal) and medications. Whenever
the administration of essential amino acids was restarted, the blood ammonia level became elevated, and at 9 days of age, despite the
suspension of essential amino acid administration, the level increased up to 434 pg/dL. At 11 days of age, HT was performed for the first
time, and it was performed for the second time at 14 days of age. After HT, amino acid intake was restarted along with the continuation
of multimodal treatments, and blood ammonia was controlled well except for episodic increases. The patient was weaned from CHDF
and the ventilator at 26 and 30 days of age, respectively, and the patient was ultimately discharged 56 days after HT.

Figure. 2. Hepatocytes transplanted during the first injection.
The cells showed a glazed and firm surface. The bar indicates 50
pm.

Because liver transplantation is approved as a treat-
ment for end-stage hepatic failure, donor livers are
preferentially allocated for organ transplantation and
not for hepatocyte isolation. On rare occasions, the
lack of appropriate donor-recipient matching (eg,
infant donor livers) provides good-quality hepato-
cytes.? Fetal livers are also considered to be an alter-
native cell source, although ethical issues remain to
be resolved. At present, we have little choice but to
use marginal donor tissues, such as livers obtained

from donors after cardiac death and organs with stea-
tosis, fibrosis, or a long ischemia time. However, there
are unfavorable issues related to the use of marginal
donors, including low viability and vulnerability to
cryopreservation. In this respect, the remnant liver
tissue of hyper-reduction procedures used in LDLT
has the same quality as that of left lateral segment
grafts. As for availability, there are 5 cases of hyper-
reduction per year at our institution on average.® The
use of remnant liver tissues obtained from hyper-
reduced LDLT procedures will, therefore, help to
address the shortage of hepatocyte donors.
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Hepatocytes Buried in the Cirrhotic Livers of
Patients With Biliary Atresia Proliferate and
Function in the Livers of Urokinase-Type
Plasminogen Activator-NOG Mice

Hiroshi Suemizu,'* Kazuaki Nakamura,®* Kenji Kawai,” Yuichiro Higuchi,' Mureo Kasahara,*

Junichiro Fujimoto,® Akito Tanoue,® and Masato Nakamura®

'Biomedical Research Department, and ?Pathology Research Department, Central Institute for
Experimental Animals, Kanagawa, Japan; *Department of Pharmacology, “Department of Transplant
Surgery, and °Clinical Research Center, National Center for Child Health and Development, Tokyo, Japan;
and ®Department of Pathology and Regenerative Medicine, Tokai University School of Medicine,
Kanagawa, Japan

The pathogenesis of biliary atresia (BA), which leads to end-stage cirrhosis in most patients, has been thought to inflame
and obstruct the intrahepatic and extrahepatic bile ducts. BA is not believed to be caused by abnormalities in parenchymal
hepatocytes. However, there has been no report of a detailed analysis of hepatocytes buried in the cirrhotic livers of
patients with BA. Therefore, we evaluated the proliferative potential of these hepatocytes in immunodeficient, liver-injured
mice [the urokinase-type plasminogen activator (UPA) transgenic NOD/Shi-scid IL2rynull (NOG); uPA-NOG strain]. We suc-
ceeded in isolating viable hepatocytes from the livers of patients with BA who had various degrees of fibrosis. The isolated
hepatocytes were intrasplenically transplanted into the livers of uPA-NOG mice. The hepatocytes of only 3 of the 9 BA
patients secreted detectable amounts of human albumin in sera when they were transplanted into mice. However, human
leukocyte antigen—positive hepatocyte colonies were detected in 7 of the 9 mice with hepatocyte transplants from patients
with BA. We demonstrated that hepatocytes buried in the cirrhotic livers of patients with BA retained their proliferative
potential. A liver that was reconstituted with hepatocytes from patients with BA was shown to be a functioning human liver

Additional Supporting Information may be found in the online version of this article.
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with a drug-metabolizing enzyme gene expression pattern that was representative of mature human liver and biliary func-
tion, as ascertained by fluorescent dye excretion into the bile canaliculi. These results imply that removing the primary etiol-
ogy via an earlier portoenterostomy may increase the quantity of functionally intact hepatocytes remaining in a cirrhotic liver
and may contribute to improved outcomes. Liver Transpl 20:1127-1137, 2014. © 2014 AASLD.

Received January 2, 2014; accepted May 10, 2014.

Biliary atresia (BA), the most common pediatric cho-
lestatic disease, is caused by the progressive fibro-
obliterative obstruction of the extrahepatic and intra-
hepatic bile ducts within the first few weeks of life.'?
The current surgical treatment is sequential. In the
first few weeks of life, a Kasai portoenterostomy is
performed to bypass the obstructed extrahepatic bile
ducts and restore the biliary flow.> Approximately
20% of all patients who undergo portoenterostomy
during infancy survive into adulthood with their
native liver.>* In general, it is advantageous to per-
form portoenterostomy as early after birth as possible
to optimize the chance of success.® Patients who fail
to undergo portoenterostomy experience a gradual
deterioration of liver function and develop progressive
fibrosclerosis; after the initial successful establish-
ment of bile flow, liver transplantation (LT) is the only
treatment option. Although several etiologies of BA
have been postulated, the precise pathogenesis of BA
remains unknown. Some factors that might contribute
to its development are genetic, infective, inflamma-
tory, and toxic insults.’ In most cases, BA is associ-
ated with an intensive inflammatory infiltrate; this
knowledge led us to the conjecture that BA results
from an infectious or autoimmune destruction of the
bile ducts. For example, the infection of newborn mice
with the Rhesus rotavirus results in a BA-like dis-
ease.®® Meanwhile, hepatocytes from patients with
BA have not been thought to be involved in the devel-
opment of chronic obstructive cholestasis. We and
other groups have developed mice with humanized liv-
ers in which the liver is reconstituted with human
hepatocytes so that in vivo drug metabolism and liver
regeneration can be studied.®!! Therefore, the aims
of this study were to evaluate the in vivo proliferative
potential and functional properties of hepatocytes
buried in the cirrhotic livers of BA patients.

MATERIALS AND METHODS

Specimens from the National Research Institute for
Child Health and Development were collected in a
standardized manner with the permission of the
patients’ families.

Animals

All mouse studies were conducted in strict accordance
with Guide for the Care and Use of Laboratory Animals
from the Central Institute for Experimental Animals.
All experimental protocols were approved by the
animal care committee of the Central Institute for
Experimental Animals (permit number 11029A). All

surgeries were performed under isoflurane anesthe-
sia, and all efforts were made to minimize animal
suffering. All studies using mouse tissue with trans-
planted human cells were approved by the ethics and
biosafety committee of the National Research Institute
for Child Health and Development and the Central
Institute for Experimental Animals. The urokinase-
type plasminogen activator (uPA) transgenic NOD/
Shi-scid IL2rynull (NOG); uPA-NOG strain!! was
maintained through the breeding of a female uPA-
NOG hemizygote with a male homozygote. The zygo-
sity of the uPA transgene was presumed from the
degree of liver damage, which was examined through
the determination of the serum levels of alanine ami-
notransferase with a Fuji DRI-CHEM 7000 clinical
biochemical analyzer (Fujifilm Corp., Tokyo, Japan).
The uPA-NOG mice with serum alanine aminotrans-
ferase activity greater than 150 U/L were selected as
homozygotes and were then used as transplant
recipients.

Isolation of Hepatocytes From the Livers
of Patients With BA

The entire experimental protocol was approved by the
ethics and research committee of the National Center
for Child Health and Development. Written informed
consent was obtained in each case. Except for the
pieces of liver tissue that were used as pathological
specimens, the enucleated diseased livers from the
transplant recipients were discarded. The human
hepatocytes used in this study were procured from
liver tissue removed from BA patients who met the
diagnostic criteria [Pediatric End-Stage Liver Disease
(PELD) score’2>6 points] for LT operations. The lev-
els of fibrosis were categorized according to the follow-
ing criteria: (I) mild (portal fibrous expansion to
bridging fibrosis involving <50% of portal tracts), (II}
moderate (bridging fibrosis involving >50% of portal
tracts), and (IIl) severe (bridging fibrosis involving
>50% of the portal tracts with nodular architectural
changes).'® Patient 141, who had grade III fibrosis
and a PELD score of 0, had portopulmonary syn-
drome (intrapulmonary shunting). The shunt ratio,
calculated with technetium-99m macroaggregated
albumin (ALB) scintigraphy, was 16.8%, which indi-
cated a relatively mild shunt. The hepatocytes were
isolated from the resected liver tissue through the
2-step collagenase perfusion’* of the liver samples, as
described previously.!® Hepatic parenchymal cells
were isolated with low-speed centrifugation (50g). Cell
numbers and viability were assessed with trypan blue
exclusion.'®
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Flow Cytometry Analysis

The hepatocytes were stained with 1 mg/mL propidium
iodide (PI; Sigma-Aldrich Co. LLC, St. Louis, MO).
which stains dead cells. The intensity of 502-nm fluo-
rescence was measured as intrinsic fluorescence (IF).
Flow cytometry data were collected with a FACSCanto
analyzer and BD FACSDiva software (BD Biosciences,
Franklin Lakes, NJ). The data were analyzed with the
FlowJo program (Tree Star, Inc., Ashland, OR).

Transplantation of Hepatocytes Into uPA-NOG
Mice

Hepatocytes from patients with BA and commercially
available cryopreserved human hepatocytes from a 4-
year-old female (NHEPS, Lonza, Walkersville, MD) were
used as donor cells. Young (8-week-old) male uPA-NOG
mice were used as the recipients of the human hepato-
cytes. One million viable hepatocytes were injected
intrasplenically via a Hamilton syringe with a 26-G nee-
dle. The successful engraftment of the human hepato-
cytes was evaluated through the measurement of the
blood level of human albumin (hALB) with an hALB
enzyme-linked immunosorbent assay quantitation kit
(Bethyl Laboratories, Montgomery, TX) according to the
manufacturer’s protocol. The replacement index, which
was the percentage of human donor hepatocytes in the
recipient liver, was estimated according to the hALB
concentration in chimeric mice.'”

Histology and Immunohistochemistry

The tissues were fixed with 4% (vol/vol) phosphate-
buffered formalin (Mildform, Wako Pure Chemical
Industries, Ltd., Osaka, Japan), and 5-um paraffin-
embedded sections were stained with Azan-Mallory
staining reagents (Muto Pure Chemicals, Tokyo, Japan)
to visualize the collagen and muscle fibers and with
hematoxylin and eosin (H&E). Some sections were
autoclaved for 10 minutes in a target retrieval solution
[0.1 M citrate buffer (pH 6.0) and 1 mM ethylene dia-
mine tetraacetic acid (pH 9.0)] and were then equili-
brated at room temperature for 20 minutes.
Monoclonal mouse anti-human leukocyte antigen
(anti-HLA) class 1 (A-C) antibodies (clone EMRS8-5,
Hokudo, Sapporo, Japan; 1:2000),'® polyclonal goat
anti-human ALB antibodies (Bethyl Laboratories;
1:1500), polyclonal rabbit anti-cytochrome P450 3A4
(CYP3A4) antibodies (Abcam, Inc., Cambridge, MA;
1:500), monoclonal mouse anti-human Ki-67 antigen
antibodies (clone MIB-1; Dako Denmark A/S; 1:50),'°
monoclonal mouse anti-human multidrug resistance-
associated protein 2 (MRP2) antibodies (clone M2 III-6,
Millipore, Billerica, MA; 1:100),%° monoclonal rabbit
anti-vimentin (anti-VIM) antibodies (clone SP20,
Nichirei Bioscience, Tokyo, Japan; 1:1500),*! and
monoclonal rabbit anti-alpha smooth muscle actin
(anti-aSMA) antibodies (clone 1A4, Leica Microsystems,
Tokyo, Japan; 1:200)>? were used as primary antibod-
ies. Normal mouse serum (NMS), normal goat serum
(NGS), and normal rabbit serum (NRS) were used as

negative controls for immunostaining. For bright-field
immunohistochemistry, the antibodies for mouse,
goat, and rabbit immunoglobulin were visualized with
amino acid polymer/peroxidase complex-labeled anti-
bodies [Histofine Simple Stain MAX PO (M, G, and R),
Nichirei Bioscience) and a Bond Polymer Refine Detec-
tion system (Leica Microsystems) with a diaminobenzi-
dine substrate [Dojindo Laboratories, Kumamoto,
Japan; 0.2 mg/mL 3,3'-diaminobenzidine tetrahydro-
chloride, 0.05 M tristhydroxymethyl)-aminomethane
with hydrochloric acid (pH 7.6), and 0.005% hydrogen
peroxide]. The sections were counterstained with
hematoxylin. Hepatic biliary obstructions were exam-
ined with Hall's bilirubin staining method.>® The
images were captured under an Axio Imager upright
microscope (Carl Zeiss, Thornwood, NY) equipped with
AxioCam HRm and AxioCam MRcb charge-coupled
device cameras (Carl Zeiss).

Real-Time Quantitative Reverse-Transcription
Polymerase Chain Reaction for Drug
Metabolism—-Related Gene Expression

The total cellular RNA was isolated from the livers with
an RNeasy mini kit (Qiagen K.K.). Complementary DNA
was synthesized with a high-capacity complementary
DNA reverse transcription kit (Applied Biosystems, Fos-
ter City, CA) with random hexamers. TagMan gene
expression master mix and TagMan gene expression
assays (Applied Biosystems) were used for the real-time
quantitative polymerase chain reactions; amplifications
were performed with an ABI-Prism 7000 sequence
detection system (Applied Biosystems). The compara-
tive threshold cycle (Ct) method was used to determine
the relative ratio of the gene expression for each gene,
which was corrected with human glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) and referenced to
the RNA extracted from donor hepatocytes. The TagMan
assay numbers are listed in Table 1.

Biliary Excretion Test With
5(6)-Carboxyfluorescein Diacetate (5-CFDA)

The ester precursor of 5-carboxyfluorescein (5-CF),
5(6)-carboxyfluorescein diacetate (5-CFDA; 0.5 nmol;
Sigma-Aldrich), was injected intravenously into the
mouse tail vein. Ten minutes after the 5-CFDA injec-
tion, the liver was perfused with 50 nmol/L 5-CFDA for
3 minutes, and the liver was then embedded in an opti-
mum cutting temperature (O.C.T.) compound (Sakura
Finetek Japan Co., Ltd., Tokyo, Japan) and frozen in
liquid nitrogen. Ten-micrometer-thick serial frozen sec-
tions were prepared and air-dried. The 5-CF fluores-
cent signals were captured with an Axio Imager upright
microscope (Carl Zeiss) equipped with AxioCam HRm
and AxioCam MRc5 charge-coupled device cameras
(Carl Zeiss). After the microfluorographs were taken,
the tissue sections were fixed and rehydrated sequen-
tially in decreasing concentrations of ethanol and
water, and this was followed by immunohistochemical
staining for MRP2. Sections were counterstained with
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TABLE 1. TaqMan Probe Information

Gene Name

Gene Description

TagMan
Assay Number

GAPDH
ALB
CYPIAI
CYPIAZ2
CYP2A6
CYP2B6
CYP2CS8
CYP2C9
CYP2C18
CYP2C19
CYP2D6
CYP2E1
CYP3A4
CYP3A5
UGTIAlI
UGT2B15
ABCB1
ABCB11
ABCC2
ABCG2
SLC22A1
SLC22A7
SLC22A9
NR1H4
NR1I2
NRI1I3

Glyceraldehyde-3-phosphate dehydrogenase

Albumin

Cytochrome P450, family 1, subfamily A, polypeptide 1

Cytochrome P450, family 1, subfamily A, polypeptide 2

Cytochrome P450, family 2, subfamily A, polypeptide 6

Cytochrome P450, family 2, subfamily B, polypeptide 6

Cytochrome P450, family 2, subfamily C, polypeptide 8

Cytochrome P450, family 2, subfamily C, polypeptide 9

Cytochrome P450, family 2, subfamily C, polypeptide 18

Cytochrome P450, family 2, subfamily C, polypeptide 19

Cytochrome P450, family 2, subfamily D, polypeptide 6

Cytochrome P450, family 2, subfamily E, polypeptide 1

Cytochrome P450, family 3, subfamily A, polypeptide 4

Cytochrome P450, family 3, subfamily A, polypeptide 5

Uridine diphosphate glucuronosyltransferase 1 family, polypeptide Al
Uridine diphosphate glucuronosyltransferase 2 family, polypeptide B15
Adenosine triphosphate-binding cassette, subfamily B (MDR/TAP), member 1
Adenosine triphosphate-binding cassette, subfamily B (MDR/TAP), member 11
Adenosine triphosphate-binding cassette, subfamily C (CFTR/MRP), member 2
Adenosine triphosphate-binding cassette, subfamily G (WHITE), member 2
Solute carrier family 22 (organic cation transporter), member 1

Solute carrier family 22 (organic anion transporter), member 7

Solute carrier family 22 (organic anion transporter), member 9

Nuclear receptor subfamily 1, group H, member 4

Nuclear receptor subfamily 1, group I, member 2

Nuclear receptor subfamily 1, group I, member 3

Hs99999905_m1

Hs99999922 sl
Hs00153120_m1
Hs00167927_m1

Hs00868409_s1
Hs03044634_m1
Hs00258314_m1
Hs00426397_m1
Hs00426400_m1
Hs00426380_m1
Hs00164385_m1
Hs00559368_m1
Hs00430021_m1
Hs00241417_ml

Hs02511055_s1

Hs00870076_s1
Hs00184500_m1
Hs00184824_ml
Hs00166123_m1
Hs01053790_m1
Hs00427552_m1
Hs00198527_m1
Hs00971064_m1
Hs00231968_m1
Hs00243666_m1
Hs00901571_m1

hematoxylin. Another tissue section was fixed in 4%
paraformaldehyde, and this was followed by immuno-
fluorescent staining with monoclonal mouse anti-HLA
class I (A-C) antibodies, a streptavidin/Texas Red-
labeled secondary antibody (GE Healthcare Bio-Scien-
ces), and H&E. Commercially available cryopreserved
human hepatocytes (normal hepatocytes) and cells
from the HCT 116 line (American Type Culture Collec-
tion, Manassas, VA), a human colorectal carcinoma cell
line that easily engrafts and forms tumor cell colonies
in NOG mouse livers,?* were used as positive and nega-
tive controls for the formulation of the bile canaliculus
(BC) network.

Statistical Analyses

Group comparisons were performed with the Student
t test for independent samples. P values less than
0.05 were considered significant (Prism 5, GraphPad
Software, Inc., La Jolla, CA).

RESULTS

Engraftment of Hepatocytes From Patients With
BA in uPA-NOG Mouse Livers

Using liver failure immunodeficient mouse models, we
first evaluated the regenerative potential of the residual
hepatocytes buried in the cirrhotic livers of patients
with BA.!! We succeeded in isolating viable hepato-
cytes from the livers of 9 BA patients with various

degrees of fibrosclerosis (Table 2 and Fig. 1A). The typi-
cal gross morphology of a liver from a patient with BA
is shown in Fig. 1B. There was no significant difference
(P=0.45) between the cell yields from patients with
grade II fibrosis (2.3 + 1.6 million cells per gram of
liver, n=3) and patients with grade III fibrosis
(8.8 = 4.2 million cells per gram of liver, n = 6; Fig. 1C).
The cell viability was not significantly different
(P=0.81) between patients with grade II fibrosis
(76.7% *+ 16.0%, n=23) and patients with grade III
fibrosis (73.3% = 23.0%, n=6; Fig. 1D). The isolated
hepatocytes were analyzed with flow cytometry (Fig.
1D). Because the IF signal of the hepatocytes from
patients with BA was not increased in comparison with
normal hepatocytes, it did not seem that bile accumu-
lated within the hepatocytes, even in the patients with
BA. The viable and engraftable hepatic parenchymal
cells seemed to be present in the high intrinsic fluores-
cence (HIF) fraction; these cells had a very large cell
mass and a complicated internal structure because the
percentage of the HIF fraction correlated positively with
the engraftability of the hepatocytes, which was based
on the plasma concentration of hALB (r* = 0.8784; Fig.
1E, right). However, the cell viability did not show a
direct correlation with the plasma concentration of
hALB (r* = 0.0515; Fig. 1E, center) or the percentage of
the HIF fraction (r* = 0.0064; Fig. 1E, left). The isolated
hepatocytes were intrasplenically transplanted into
uPA-NOG mice. Successful engraftment was evaluated
in terms of the detection of hALB in the mouse serum
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and the appearance of HLA-positive hepatocyte colo-

ol4| n=|connsa55555650 "’i nies in the liver tissue (Fig. 1F). Although detectable
E g| 2 = geeczgzzezeg - amounts of secreted hALB were found only in the sera
gls| " 3lg si8yeggzetay % of mice that had received hepatocyte transplants from
B2l Z|2- —° ¥ cececa o 3 of the 9 BA patients, HLA-positive hepatocyte colo-
§ e = E < g z nies were detected as a result of 7 of the 9 hepatocyte
g ;3 = transplants from patients with BA.
alel Vo - The expression of drug-metabolizing enzymes, a
T § g ? S8888c8288LKLe8 2 marker of a fully matured liver, was analyzed with real-
SlE| Zo|ESSSs0S32555S |5 time quantitative polymerase chain reaction. Livers
3 ;13‘ B8 FFIVYF 5”5 g reconstituted with hepatocytes from 2 different patients
2 £z £ with BA (patients 80 and 105) and commercially avail-
" S 2 8 able cryopreserved hepatocytes (NHEPS) were then
g1 S © O examined. The relative gene expression profiles of hepa-
& é N tocytes from patients with BA were similar to those of
el % 27/0200000055%%% g NHEPS hepatocytes (Fig. 1G). The expression levels of
3 g O Bl %% %oxx X XXX KX g most of the genes were higher in the reconstituted liv-
= gz 2 coogoeegoaqgaae |G ers versus the donor hepatocytes (Fig. 1H).
8 b Ealaialninininl Ealinieleie 2 Next, we examined the expression of ALB, a major
z e ) functional marker of biosynthesis in the liver, via
32. % immunohistochemical staining with human-specific
g Ll<mo<mmmmmmmmo | & antibodies in hepatocytes originating from patients
< 2 = with BA (Fig. 2A, top and middle). This hepatic lineage
A g g marker protein was expressed within the human hepa-
2 3 % tocyte colonies in the reconstituted-liver mice at levels
% o comparable to those of the liver reconstituted with cry-
§ ol eslo w mwaooocn | - opreserved normal hepatocytes (patient 77; Fig. 2A,
2] 5| 2| E ela ¥ ~ooscwudy |§ bottom). The expression of CYP3A4, which is the main
al gl 8 § ¢ drug-metabolizing enzyme found in the liver, was also
§ % % % = observed within the colonies consisting of both hepato-
al D|EEEI8 8§ 333358838 |- ¢ cytes from patients with BA (Fig. 2A, top and middle)
'§ 323 2 f?; = @ and normal hepatocytes (Fig. 2A, bottom), but it did
g & ;é > g g not show the zonal distribution observed in the fully
a é Q reconstituted uPA-NOG liver with NHEPS hepatocytes
g = 5% R © '; g*;xg. 23). Mosjc human hepatocytes ongmatmgfrom
g 237 X xxxxxxxx |E 3 e patients with BA were present‘ as s'ma.lll foci that
2 OBy n ~aoovww~o |E T appeared to grow by clonal expansion within the uPA-
& A k- NOG mouse livers. This growth was quite similar to
E = E that of normal hepatocytes from patient 77. In addi-
M nelo n enwoTON | 5 2 tion, immunohistochemical nuclear staining of serial
g E 3 « ® E & sections of the mouse livers with an antibody (MIB-1)
5 8 é against the human Ki-67 antigen®>?® revealed that the
a §‘ 2 proliferative potential of the hepatocytes from the
3 % g|F = FEEEEREHET | = patients with BA was preserved, as evidenced by the
. 54 8 E‘ 3 5 nuclear staining of the hepatocytes located at the edges
S &= = 1= §’ o of human hepatocyte colonies (Fig. 2A, top and mid-
. £32 dle). NGS, NRS, and NMS (nonimmune), which corre-
g ¥le U LYLOLOOUY 5 e sponded to the host animals in which anti-ALB, anti-
@ g g géégg g—gg SCE CYP3A4, and anti-Ki-67 antibodies, respectively, were
S = = £c g prepared, did not react with either human or mouse
% § 3 hepatocytes (Fig. 2C). The hepatocyte colonies derived
éup 3 2 gpgppaey "é ’ég from the p.at?ents wm BA were no.t stained by Azan-
2 E EEESEEES | E - Mallory staining (Fig. 2A, top and middle).
E EOEEEQEEHGg |52
<) N owo” wwno O . B .
= £os Functional Integrity of Partially
g 5 g Humanized Livers
E 5 g fé We confirmed the expression of MRP2 proteins on the
§ 2 © §§§§§§§R ¢ 2 % plasma membranes of hepatocytes in both the 1§Vers
*ﬁ = of patients with BA and the partially humanized livers

repopulated with hepatocytes from patients with BA
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