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 CAEBYV in which the patient
experienced relapse after bone marrow transplantation.’® A
35-year-old female patient with CAEBV of the CD8 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 HLLA-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/pig 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 CAEBV 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 EBNAI, 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 CAEBV have a
certain defect in immunologic functions that causes inefficient
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recognition and/or killing of EBV-infected latency II 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 CAEBYV, 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
CAEBY 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. /n 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 Il2rg ™" (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 VB14 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)-vy, 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 CAEBV 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
CAEBYV 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 EB V-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 et al. developed a
new method termed “flow-cytometric in situ hybridization”
(FISH) to phenotype EBV-infected cells (Fig. 2).*** 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.*

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 EBV-
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.°Very recently, Kawa etal.
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, 3year 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 CAEBV 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.
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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*/CD47/CD8/TCRYS".
(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 TCRaf*/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 CAEBY, 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.

Keywords. ciHHV-6; HHV-6; X-SCID; hemophagocytic
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,
HHYV-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).

BRIEF REPORT e CID 2014:59 (15 August) o 545

— 447 —



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-
terjoration 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/
pg 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 IE1 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 (A} 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 HHV-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, U9%4, 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 citHHV-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 ciHHV-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. 4, 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.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online
(http://cid.oxfordjournals.org). Supplementary materials consist of data
provided by the author that are published to 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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Prion diseases are characterized by the prominent accumulation of the misfolded form of a normal
cellular protein (PrP5°) in the central nervous system. The pathological features and biochemical
properties of PrP®° in macaque monkeys infected with the bovine spongiform encephalopathy
(BSE) prion have been found to be similar to those of human subjects with variant Creutzfeldt—
Jakob disease (vCJD). Non-human primate models are thus ideally suited for performing valid
diagnostic tests and determining the efficacy of potential therapeutic agents. In the current study,
we developed a highly efficient method for in vitro amplification of cynomolgus macaque BSE
PrPS°, This method involves amplifying PrPS® by protein misfolding cyclic amplification (PMCA)
using mouse brain homogenate as a PrP® substrate in the presence of sulfated dextran
compounds. This method is capable of amplifying very small amounts of PrPS® contained in the
cerebrospinal fluid (CSF) and white blood cells (WBCs), as well as in the peripheral tissues of
macaques that have been intracerebrally inoculated with the BSE prion. After clinical signs of the
disease appeared in three macaques, we detected PrPS° in the CSF by serial PMCA, and the
CSF levels of PrPS° tended to increase with disease progression. In addition, PrPS¢ was
detectable in WBCs at the clinical phases of the disease in two of the three macaques. Thus, our
highly sensitive, novel method may be useful for furthering the understanding of the tissue
distribution of PrPS® in non-human primate models of CJD.

through post-translational modification of the normal

prion protein PrP® (Prusiner, 1998).

Transmissible spongiform encephalopathies (TSEs), com-
monly known as prion diseases, are fatal neurodegenerative
disorders that affect both animals and humans (Collinge,
2001). Prion diseases are characterized by the prominent
accumulation of a misfolded prion protein, PrP%, in the
central nervous system (Prusiner, 1991, 1998). PrP5¢, which
is rich in beta-sheet structures and resistant to digestion by
proteases and various inactivating treatments (Caughey
et al, 1991; Pan et al, 1993), is considered to be the
infectious agent for TSEs and appears to self-propagate

Four figures and one table are available with the online version of this
paper.

One type of human prion disease, Creutzfeldt-Jakob disease
(CJD), can be aetiologically identified as sporadic, inherited
or acquired by infection (Ironside, 1998; Belay, 1999; Glatzel
et al., 2002; Geissen et al, 2007). In variant CJD (vCJD),
which is a form of CJD caused by consumption of foods
contaminated with bovine spongiform encephalopathy
(BSE) prions (Will er al, 1996; Hill et al., 1997; Ironside,
2010), small amounts of PrP5 have been found in a broad
range of peripheral tissues, including the lymph nodes,
tonsils, spleen, kidneys, portions of the intestinal tract and
skeletal muscle (Wadsworth et al,, 2001; Hilton et al., 2004;
Peden et al., 2006; Notari et al., 2010), as well as in the
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PrP® in the CSF and blood of BSE-infected macaques

central nervous system. These observations have led to
serious concerns that the disease could spread in humans via
blood transfusions (Wroe et al., 2006; Knight, 2010) and
through the use of contaminated biological and surgical
instruments. In order to effectively prevent the spread of
this disease, it is important to be able to detect PrP* as
soon after infection as possible, and then, it is crucial to
avoid PrP% contamination in human-derived materials.
As the concentration of PrP* in the tissues or body fluids
of infected subjects is predicted to be extremely low until
marked clinical signs appear, development of both a
sensitive method for detecting PrP5 and animal models to
confirm its validity are necessary.

Several studies have used non-human primates to study the
transmissibility of human prion diseases (Gajdusek et al,
1966; Gibbs et al., 1968), and the transmissibility of BSE
has specifically been investigated using macaque monkeys
(Lasmézas et al., 1996, 2005; Comoy et al., 2008; Ono et al.,
2011a, b). These studies have reported a number of
advantages of using non-human primate models of prion
disease. For example, the pathological feature of florid
plaques in the brain tissue of BSE-infected macaques and the
biochemical characteristics of the PrP*¢ glycoform profile in
these macaques have been shown to be identical to those
in human subjects with vCJD (Lasmézas et al, 1996). In
macaques inoculated with the BSE prion either intracere-
brally or orally and in humans infected with vCJD, PrP* has
been found to be distributed in various peripheral tissues,
such as the lymph nodes, spleen, tonsils and muscles. These
findings strongly support the possibility that vCJD is caused
by an exogenous infection of a BSE prion. Furthermore, BSE
can be transmitted via intravenous inoculation (Lasmézas
et al., 2001), indicating that macaques can serve as model
animals for suspected cases of secondary transmission (via
blood transfusion) of vCJD in humans. Therefore, non-
human primate models are ideally suited for assessing
methods for diagnosis and treatment of prion diseases.

In scrapie-infected rodents (Brown et al, 1998) and sheep
(Houston et al., 2008) as well as in deer with chronic
wasting disease (CWD), bodily fluids such as the blood,
urine, saliva and faeces have been reported to be infectious
(Mathiason et al., 2006; Haley et al., 2009b; Mathiason et al.,
2010). By using the protein misfolding cyclic amplification
(PMCA) technique, which amplifies PrP*° in vitro using
normal brain homogenates as the PrP€ substrate, PrP*
has been detected in a variety of bodily fluids, including
the blood, cerebrospinal fluid (CSF), urine, faeces, saliva
and milk of prion-infected animals (Saborio et al., 2001;
Saa et al., 2006; Murayama et al, 2007, 2010; Thorne &
Terry, 2008; Terry et al., 2009; Maddison et al, 2009, 2010;
Haley et al., 2009a, 2011; Tattum et al., 2010; Gough et al.,
2012). Furthermore, several reports have described the
successful detection of PrP*° in bodily fluids of humans
with CJD (Orr et al,, 2009; Atarashi et al., 2011; Edgeworth
et al, 2011; Peden et al, 2012; Rubenstein & Chang,
2013). For example, PrP* in the CSF of patients with
sporadic CJD (sCJD) and vCJD has been detected using the

quaking-induced conversion technique (Atarashi et al,
2007), which detects PrP*-triggered formation of amyloid
fibrils of recombinant prion proteins. Similarly, PrPS
has been detected in the CSF of patients with sCJD using
PMCA followed by a sensitive immunoassay termed SOFIA
(Rubenstein & Chang, 2013), and bead-captured ELISA
has been used to detect blood PrP*¢ in patients with vCJD
(Edgeworth et al, 2011). Therefore, bodily fluids may
have high utility as diagnostic materials for CJD. However,
the quantitative changes of PrP* in bodily fluids of
non-human primate models of CJD has not yet been
determined due to a lack of sensitive methods for assessing
very small amounts of prions in these animal models.

In the present study, we have developed a highly efficient
PMCA method suitable for cynomolgus macaque BSE
PrP%¢ amplification. This method, which involves amplify-
ing PrP® using xenogeneic (mouse) PrP® substrate in the
presence of sulfated dextran compounds, is capable of
amplifying a very small amount of PrP* from the CSF,
blood, and peripheral tissue of BSE-infected macaques. We
further investigated CSF and blood PrP* levels during the
period from the latent to terminal stages of the disease and
compared PrP* dynamics in macaques.

RESULTS

Amplification of cynomolgus macaque BSE PrpS¢
by PMCA

We first examined the amplification efficiency of PMCA,
using the brain homogenate of BSE-infected cynomolgus
macaque no. 7 as the PrP* seed. Before amplification,
distinct signals of protease-resistant PrP (PrP™) were
detected in brain homogenates diluted up to 107* by
Western blot analysis (Fig. 1a). In the absence of potassium
dextran sulfate (DSP), brain homogenates derived from the
squirrel monkey and cynomolgus macaque were not suitable
for amplification of cynomolgus PrP* (Fig. 1b, upper
panel). Similarly, no significant amplification was observed
using cow, TgBoPrP and PrP”° mice (Fig. 1b, middle panel),
or hamster brain homogenates (Fig. 1b, lower panel) as PrP©
substrates. On the other hand, amplification of PrP% was
achieved in samples diluted to 10”2 and 10™* when the WT
mouse brain homogenate was used as the PrP® substrate
(Fig. 1b, lower panel). Furthermore, amplification efficiency
of mouse PrP5 for PMCA was significantly improved in the
presence of DSP, and PrP"™ signals were detected in samples
diluted to 107 after one round of amplification. On the
other hand, DSP was less effective in increasing signal
intensity of PrP™ after amplifications derived using squirrel
monkey, cynomolgus macaque, cow, TgBoPrP mouse and
hamster brain homogenates. The detection sensitivity for
cynomolgus PrP*° for these PCMAs was lower than for
PMCAs conducted using WT mouse brain homogenate.
Higher background signal in the no-seed samples was
observed after amplification was conducted using macaque
brain homogenate in the presence of DSP.
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Fig. 1. Amplification of macaque PrPS° using normal brain homogenates derived from several animal species as PrPC
substrates. (a) Ten per cent brain homogenate of BSE-affected cynomolgus macaque was diluted to 107" (=1) to 107% (=3) in
a normal macaque brain homogenate, an undiluted sample (0) was also included. The diluted samples were analysed by
Western blot after digestion with proteinase K (PK). (b) PrP®® seed (10% brain homogenate of BSE-affected cynomolgus
macaque) was diluted to 107° (=3) to 107° (=5) in normal brain homogenates obtained from the squirrel monkey, cynomolgus
macaque, cow, mixture of TgBoPrP and PrPo/° (TgBoPrP+PrP°’°) mice, mouse and hamster. The diluted samples were
amplified in the presence (+) or absence (=) of 1% (w/v) DSP. After amplification, the samples were digested with PK and
analysed by Western blot. ‘N' denotes unseeded control samples in which normal brain homogenate that did not receive a
PrPS° seed were processed and analysed in the same manner as PrPS°-seeded samples. The molecular masses of marker

proteins are indicated (kDa).

Detection sensitivity of cynomolgus macaque
BSE PrP°°

PMCA using WT mouse brain homogenate containing
DSP as the PrP€ substrate was used for amplification of
cynomolgus macaque PrP%. On the basis of our prelim-
inary experiments, the optimal concentration of DSP was
estimated to be 1% (w/v); therefore, we used 1% (w/v)
DSP for subsequent experiments. We determined the
detection limit of the interspecies PMCA technique and
confirmed that PrP present in a 10~ dilution of infected
brain homogenate could be detected after one round of
amplification, and both 107 and 1077 dilutions were
positive for PrP after two rounds of amplification (Fig.
2a). After three rounds of amplification, PrP™ signals were

detected in the samples diluted to 10 and 107°. A PrP™
signal was detected in the 107 '? dilution samples after four
rounds of amplification, but almost no signal was detected
in the more extreme dilutions, even after seven rounds
of amplification. Thus, compared with no amplification,
amplification improved the PrP> detection sensitivity by
a factor of 10%. No typical PrP™ signal was detected in
samples that contained normal brain homogenate diluted
1:10 with mouse PrPC substrate (Fig. 2b). In addition, the
generation of spontaneous PrP™, as has been reported for
amplification in the presence of polyanions (Deleault et al.,
2007; Wang et al., 2010), was not observed in 16 samples
that contained only mouse PrP® substrate following seven
rounds of amplification (Fig. 2c).
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Fig. 2. Detection sensitivity for cynomolgus macaque PrPS, (a) PrP®° seed was diluted to 1072 (=8) to 1072 (—12) with PrP®
substrate (10 % normal mouse brain homogenate), and the samples were serially amplified in the presence of 1 % (w/v) DSP.
The amplified samples were analysed after each round of amplification (R1-R7) by Western blot after proteinase K (PK)
digestion. (b) Normal brain homogenate was diluted to 10~ with the PrPC substrate (lanes a—p), and the samples were serially
amplified in the presence of 1% (w/v) DSP. After amplification, a band with a molecular mass similar to that for PrP%® was
occasionally observed, which likely corresponds to a residue of the normal isoform of prion protein resulting from incomplete PK
digestion. (c) No spontaneous generation of PrPS® was observed in no-seed samples. Lanes a—p contained only PrPC substrate
and were amplified in the presence of 1% (w/v) DSP. Exclusive pipettes, a vortex mixer, and a centrifuge were used for handling
unseeded samples. The molecular masses of marker proteins are indicated (kDa). NT, Not tested.

PrPS¢ distribution in the peripheral tissues of
BSE-affected macaques

We examined PrP* distribution in macaques that were
intracerebrally administered a brain homogenate prepared
from a BSE-infected cow. In BSE-infected macaques, prpSe
was detected by conventional Western blot analysis in
several peripheral nervous tissues and lymph nodes (Table
S1, available in the online Supplementary Material). By
using serial PMCA, PrP*° was detected in all examined
tissues, including: the peripheral nerves, lymph nodes,
spleens, tonsils and adrenal glands (Fig. 3). Most samples
were found to be positive for PrP>° after no more than two

rounds of amplification. On the other hand, PrP%° was
detected after three rounds of amplification in four and
two of the quadruplicate samples of the tonsil of macaque
no. 10 (Fig. 3b) and spleen of macaque no. 11 (Fig. 3c),
respectively. No typical PrP™ signal was detected in the
peripheral nerves, lymph nodes, ileum and glands of an
uninfected control macaque (Fig. S1).

PrP®¢ levels in the CSF

The amplification results for the CSF samples collected
from the three macaques are illustrated in Fig. 4. No typical
PrP™* signal was observed in samples that contained only
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Fig. 3. Tissue distribution of PrPS® in macaques intracerebrally inoculated with BSE. Tissue distribution of PrPS® in the terminal
disease stage in macaque no. 7 (a), no. 10 (b) and no. 11 (c). Quadruplicate samples of each tissue were serially amplified, and
the samples were analysed by Western blot following digestion with proteinase K after each round of amplification (R1-R3).
The molecular masses of marker proteins are indicated (kDa). N, Nerve; LN, lymph node; Ns, no-seed samples; NT, not tested.
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Fig. 4. The appearance of PrP®° in the cerebrospinal fluid (CSF) of BSE-infected macaques. CSF was collected at several points after intracerebral inoculation. Quadruplicate
or duplicate CSF samples from BSE-infected macaque no. 7, no. 10, and no. 11 were analysed by Western blot following digestion with proteinase K after each round of
amplification (R1-R7). PrPS° was also evaluated in CSF samples from an uninfected control macaque (no. 8C). Dpi, Days post-inoculation. Dpi written in boldface represents
clinical stages of the disease. The molecular masses of marker proteins are indicated (kDa). Ns, No-seed samples; NT, not tested.
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mouse PrPC substrate (lanes Ns), or samples that contained
normal macaque CSE diluted 1:10 with mouse PrP©
substrate (Fig. 4, no. 8C and Fig. S2). PrP™ signal was not
detected in the samples collected 515-208 (macaque no. 7),
509-208 (macaque no. 10) and 490-133 days (macaque no.
11) before disease onset. The existence of PrP> in the CSF
samples was confirmed after the onset of clinical signs. For
example, macaque no. 7 presented with early neurological
clinical signs of the disease such as slight tremor, startle
response and festinating gait. PrP™ signal was detected after
four rounds of amplification in one of the quadruplicate
samples collected at this time [867 days post-inoculation
(pi.)], but no other sample was positive for PrP%¢ even
after seven rounds of amplification. Consistent with disease
progression, macaque no. 7 presented with ataxia, paralysis
of the extremities and rigidity; PrP>° was detected in all of
the quadruplicate samples obtained at 987 days p.i. after
five rounds of amplification. The macaque finally developed
severe dysstasia, and after three rounds of amplification,
PrP% was detected in all of the quadruplicate samples
obtained at 1100 days p.i. and at the dissection (1127 days
p.i.). These observations suggested that the level of PrP*
tended to increase in the CSF as the disease progressed.
Although a similar tendency was observed in other
macaques, there were differences in the levels of PrP% in
the CSF. For example, duplicate CSF samples collected
upon dissection (1067 days p.i.) became positive for PrP>
after two rounds of amplification in macaque no. 10, which
showed the shortest latent period of 828 days. On the other
hand, the disease developed after a relatively longer latent
period of over 1400 days in macaque no. 11, and PrP™
signals were detected after four rounds of amplification in
both samples collected upon dissection (1769 days p.i.).

PrPS¢ levels in the blood

The results of the amplification of white blood cell (WBC)
samples collected at several time points after intracerebral
administration are illustrated in Fig. 5. No typical PrP™
signal was observed in samples that contained only mouse
PrPC substrate (Fig. 5, lanes Ns), or samples that contained
normal macaque WBCs (10* cells) (Fig. 5, no. 8C and Fig.
S2). Furthermore, we confirmed that the WBC matrix had
no inhibitory effect on the amplification of PrP*° by serial
PMCA (Fig. S3). In macaque no. 7, one of the quadruplicate
samples collected upon dissection (1127 days p.i.) became
positive for PrP%¢ after five rounds of amplification.
Similarly, PrP™ signal was detected in one or both of the
duplicate samples of macaque no. 11 collected at 1656 days
p.i., and at dissection (1769 days p.i.). However, PrP*° was
not detected in the blood of these macaques between
the latent and the initial stage of disease onset. In macaque
no. 10, PrP™ signal was not detected in the WBCs
obtained during the experimental period (320-1067 days
p.i.) even after seven rounds of amplification. With regard
to plasma samples, no PrP*° was detected in any of the
samples collected during the experimental period (data
not shown).

Infectivity of the PMCA product

The PMCA product obtained after ten rounds of ampli-
fication was diluted 10-fold and inoculated intracerebrally
into tga20 mice. The tga20 mice inoculated with the PMCA
products derived from the brain or WBC PrP*° seeds died
after an average period of 305 or 310 days, respectively
(Table 1). PrP> accumulation in the brains of mice was
confirmed by Western blot analysis (data not shown). There
was no significant difference between the survival periods
of these PMCA product-inoculated mice (#-test, P>0.05).
Control mice administered with the product containing
only PrP€ substrate survived more than 478 days. These
results indicated that both brain- and WBC-derived PrP
had seeding activities following the PMCA reactions, and
the amplified PrP*° maintained their infectious ability
during in vitro xenogeneic amplification.

DISCUSSION

In the current study, we developed an ultra-efficient PMCA
technique for amplifying PrP¢ derived from BSE-infected
cynomolgus macaques by using mouse brain homogenates
with DSP as a PrPC substrate and a polyanion additive,
respectively. We first proved the existence of PrP* in
the CSF and blood of BSE-infected macaques by PMCA,
and showed that cynomolgus macaque BSE PrP%, and
non-macaque PrPS, effectively converted mouse PrP€ to
a proteinase K (PK)-resistant form. It is well known that
PMCA of several xenogeneic combinations of PrP* seed
and PrP© substrate can overcome the species barrier (Kurt
et al., 2007, 2011; Green et al., 2008; Castilla et al., 2008;
Yoshioka et al., 2011; Murayama et al, 2012; Nemecek
et al., 2013), despite the divergent amino acid sequence of
prion proteins. Since the BSE prion was transmissive to
ICR (WT) mice (Masujin et al., 2008), the cynomolgus
macaque PrP%¢ generated by the cross-species transmission
of BSE prion may retain the original characteristics of BSE
PrP%, including structural compatibility with mouse PrP©
and DSP dependency in PMCA reactions.

PrP%¢ is detectable in the tonsil, spleen and lymph nodes
in vCJD (Wadsworth et al, 2001) and sCJD patients
(Rubenstein & Chang, 2013). In an earlier study, PrP> was
found in the lymphoid tissues, including: the lymph nodes,
spleens and tonsils of macaques intracerebrally inoculated
with BSE PrP5¢ (Lasmézas et al., 1996), as observed in vCJD-
inoculated macaques (Lasmézas et al., 2001). Therefore,
once PrP* accumulates in the brain, it may spread
centrifugally from the brain to the peripheral tissues
through the autonomic nervous system. However, in our
previous study, we failed to detect PrP*° in such lymphoid
tissues of the BSE-inoculated macaques by conventional
Western blotting, except in the submandibular lymph
nodes, deep cervical lymph nodes and inguinal lymph
nodes (Ono et al.,, 2011a; Table S1). In the current study,
PMCA analysis revealed that PrP% was distributed in all
lymphoid tissues examined in the BSE-infected macaques.
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Fig. 5. Appearance of PrP%® in the WBCs of BSE-infected macaques. WBCs were collected at several points after

intracerebral inoculation. Quadruplicate or duplicate WBC samples from BSE-infected macaque no. 7, no. 10 and no. 11 were

analysed by Western blot following digestion with proteinase K after each round of amplification (R1-R7). PrPS° was also

evaluated in WBCs from an uninfected control macaque (no. 8C). Dpi, Days post-inoculation. Dpi written in boldface represents

the clinical stages of the disease. The molecular masses of marker proteins are indicated (kDa). Ns, No-seed samples.
PrP*° levels in most of the lymphoid tissues were extremely not have occurred in these macaques, and PrP*° levels in
low, because PrP* could only be detected after two or most lymphoid tissues might have been below the detection
three rounds of amplification. Therefore, significant PrP> limit of the conventional Western blot technique used
accumulation in the peripheral non-neuronal tissues might herein, even at the terminal stage of the disease.

Table 1. Mean incubation time following intracerebral inoculation in tga20 transgenic mice

Inoculum (R10 PMCA product) Transmission rate (total death/total number) = Mean survival time +sp (days)
Brain seed* 100 % (6/6) 305410

WBCs seedt 100 % (6/6) 310423

No seed 0% (0/4) >478

10 % Brain homogenate from a BSE-infected cow} 100 % (20/20) 495+43

R10, Tenth round.

*The final dilution of the infected brain homogenate (macaque no. 7) in the R10 product was 6.4 x 107",
+The PMCA product from the tenth round of amplification of PrP%-positive WBCs (macaque no. 7).
$Classical BSE (c-BSE) prion was inoculated in tga20 mice for comparison of infectivity.
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The origin of PrP* in WBCs may be the spleen and other
lymphoid organs, as suggested previously (Saa et al., 2006).
As in humans, PrP€ is constitutively expressed in the WBCs
of cynomolgus macaques (Holada et al., 2007); therefore,
WBCs of cynomolgus macaques can be deemed carriers or
reservoirs of PrP*°. Our finding supports the idea that prion
diseases may be transmitted via infected blood in primates,
as has been previously seen in scrapie-infected sheep
(Houston et al., 2008) and CWD-infected deer (Mathiason
et al., 2006). An illustration for the appearance of PrP in
the CSF and WBCs of intracerebrally infected macaques is
shown in Fig. 6. PrP* was found in the WBCs at clinical
stages of the disease in macaques no. 7 and no. 11, but PrP*
was not detected in the WBCs of macaque no. 10 through-
out the experimental period. Survival time of the BSE-
infected macaques ranged from 1067 days to 1769 days.
During the period from the onset of clinical signs to the
terminal stage of the disease, PrP* was detected in the CSF
in all three BSE-infected macaques. The highest level of
PrP* in the CSF collected upon dissection was observed in
macaque no. 10.

A previous study showed that elevated levels of 14-3-3
proteins, which are widely distributed in eukaryotes and

play an important role in various signal transduction
systems involved in cell proliferation and division, were
observed in the CSF of a simian vCJD model (Yutzy et al.,
2007). The increase of PrP in the CSF probably reflects the
leakage of PrP from neuronal cells after cell destruction
caused by PrP* infection. We examined 14-3-3 y levels in
the CSF of the BSE-infected macaques (Fig. S4), and found
that the signal intensity of the 14-3-3 y protein became
notable after disease onset (no. 7 and no. 10), or in the latter
stages of the disease (no. 11). It is worth noting that the
highest levels of the 14-3-3 y protein were observed in the
CSF of macaque no. 10 collected at dissection. Therefore,
the disease might have progressed most rapidly after a
shorter latent period (829 days) in macaque no. 10 than in
macaques no. 7 (867 days) and no. 11 (1439 days). Faster
accumulation of PrP* in the brain may cause acute brain
damage and result in death before a significant number of
infected WBCs begin circulating in the peripheral blood.
Macaques no. 7 and 10 both belonged to a breeding colony
introduced from the Philippines, and no. 11 was derived
from a Malaysian lineage. Thus, the different degrees of
disease progression might be related to genetic factors
affecting susceptibility or resistance to prion infection.
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Fig. 6. Schematic illustration for the appearance of PrPS° in the CSF and WBCs of three BSE-infected macaques. After
intracerebral inoculation (1. C.), the presence of PrPS® in CSF and WBCs was examined by serial PMCA during the
asymptomatic (dotted line) and clinical stages (solid lines). Dpi, Days post-inoculation. Dpi written in boldface represents the
clinical stages of the disease. Positive ratio of duplicate or quadruplicate samples was shown as open circle (0 %), closed
quadrant (25 %), closed semicircle (50 %), closed three quadrants (75 %) and closed circle (100 %). NT, Not tested.
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More detailed studies are needed to clarify the above
possibility.

In conclusion, we have developed a highly sensitive method
that enables a detailed and precise examination of the
distribution of PrP* throughout the bodies of BSE-infected
macaques. We are now conducting experiments analysing
oral transmission of the BSE prion and transmission
through blood transfusions from BSE-infected macaques.
Using our method, PrP* could notably be detected in
bodily fluids obtained during the latent period of the disease
in both primate models. Thus, the method developed in this
study may be useful in furthering the understanding of
tissue distribution of PrP* in non-human primate models
of CJD.

METHODS

BSE-infected macaques. This study on non-human primates was
conducted according to the rules for animal care and management of
the Tsukuba Primate Research Center (Honjo, 1985) and the guiding
principles for animal experiments using non-human primates for-
mulated by the Primate Society of Japan (Primate Society of Japan,
1986). The cynomolgus macaques (Macaca fascicularis) examined in
this study originated from the Philippines (no. 7 and 10) or Malaysia
(no. 11), and were bred at Tsukuba Primate Research Center of
the National Institute of Biomedical Innovation. Transmission
experiments were approved by the Animal Welfare and Animal
Care and Use Committee (approval ID: DS18-069R1) and Animal
Ethics Biosafety Committee (approval ID: BSL3-R-06.01) of the
National Institute of Biomedical Innovation. The brain homogenate
(200 pl of a 10% brain homogenate) derived from a classical BSE
(c-BSE)-infected 83-month-old Holstein (Iwata et al, 2006) was
intracerebrally administered to three male macaques (no. 7, 10 and
11) that were 24-29 months in age (Ono et al., 2011a). The animals
were housed in biosafety level three animal rooms, and their clinical
status was monitored daily. After 35~-59 months, the animals were
euthanized by anaesthesia overdose following evidence of progressive
neurological dysfunction, after which the animals were dissected. A
healthy macaque (no. 8 or 28) was used as an uninfected control in
the PMCA assay of tissues and bodily fluids. All macaques examined
in this study were homozygous for methionine at codon 129 (MM)
and homozygous for glutamic acid at codon 219 (EE).

Sample preparation. Peripheral nervous and lymphoid tissues were
collected upon dissection and stored in small aliquots at —80 °C.
Samples from each tissue were homogenized at 10% (w/v) in PBS.
WBCs, plasma and CSF were also collected at several time points after
inoculation. The blood samples (1.5 ml) were centrifuged at 1500 g
for 15 min and the plasma and buffy coat fractions were recovered.
Erythrocytes contaminated in the buffy coat fraction were haemolysed
in distilled water, and the samples were stored at —80 °C until
analysis.

Preparation of PrPC substrates. To avoid contamination, normal
brain homogenates were prepared in a laboratory in which infected
materials had never been handled. Brains of a healthy cynomolgus
macaque, squirrel monkey (Saimiri sciureus), cow, PrPC-overexpres-
sing transgenic [Tg(BoPrP) 4092HOZ/Prnp®°, TgBoPrP] mouse
(Scott et al., 1997), PrP-knockout (PrP”°) mouse, WT mouse (ICR),
and Syrian hamster were homogenized at a 20 % (w/v) concentration
in PBS containing a complete protease inhibitor cocktail (Roche
Diagnostics). The brain homogenates were stored at —80 °C until
further use. For analysis, the homogenates were mixed with an equal

volume of the elution buffer (PBS containing 2 % Triton X-100, 8 mM
EDTA) and incubated at 4 “C for 1 h with continuous agitation. After
centrifugation at 4500 g for 5 min, the supernatant was used as the
PrP substrate, When using brain homogenates of TgBoPrP mice, the
supernatants were mixed in a 5: 1 proportion of PrP”®TgBoPrP, and
this mixture was used as the PrP substrate.

PMCA. For the amplification of brain PrP%, the BSE-infected
brain homogenate of macaque no. 7 was diluted from 107 to 107°
with normal brain homogenates from several animal species in an
electron beam-irradiated polystyrene tube (total volume, 100 pl).
Amplification was performed in the presence or absence of 1%
(w/v) DSP, which has been shown to markedly improve in vitro
amplification efficiency of bovine BSE PrP% (Murayama et al., 2010).
Amplification was carried out with a fully automatic cross-ultrasonic
protein activating apparatus (Elestein 070-CPR; Elekon Science
Corporation), which had the capacity to generate high ultrasonic
power (700 W). PMCA was performed by 40 cycles of sonication in
which a 3 s pulse oscillation was repeated five times at 1 s intervals,
followed by incubation at 37 °C for 1 h with agitation.

To examine the sensitivity of interspecies PMCA using the mouse
PrPC substrate for the detection of macaque BSE PrP>, the 10%
infected brain homogenate was serially diluted from 107 to 10712
with mouse PrP® substrate containing 1% (w/v) DSP (total volume,
80 ul) in an electron beam-irradiated eight-strip polystyrene tube
specially designed for PrP* propagation (Murayama et al, 2010).
To obtain maximum amplification efficiency and reduce non-specific
background signal in Western blot analysis, a series of amplification
steps were programmed as follows: PMCA was performed with
40 cycles of sonication in which a 15 s oscillation and subsequent
incubations at 31 °C for 1 h were repeated 10 times; a 15 s oscillation
and subsequent incubations at 33 °C for 1 h were repeated 10 times;
an intermittent oscillation (3 s pulse oscillation was repeated five
times at 1 s intervals) and subsequent incubations at 35 °C for 1 h
were repeated 10 times; and finally intermittent oscillations (3 s pulse
oscillation was repeated five times at 1 s intervals) and subsequent
incubation at 37 °C for 1 h were repeated 10 times. The amplified
product obtained after the first round of amplification was diluted 1:5
with the PrP€ substrate, and a second round of amplification was
performed. This process was repeated for a maximum of six times.

For amplifying PrP% in various tissues from BSE-inoculated
macaques, the mouse PrPC substrate containing 1% (w/v) DSP was
mixed with a 1/10 volume of homogenized samples or bodily fluids
(total volume 80 pl) in eight-strip polystyrene tubes. The WBC pellet
(approx. 10* cells) was dissolved in 8 pl of the elution buffer and used
as a seed. Serial PMCA was then performed using the four-step
amplification programme as described above.

Western blotting. After each round of amplification, samples of
10 pl were mixed with 10 pl of PK solution (100 pg PK ml™!) and
incubated at 37 °C for 1 h. The digested materials were mixed with
20 pl of 2x SDS sample buffer and incubated at 100 °C for 5 min.
The samples were separated by SDS-PAGE and transferred onto a
PVDE membrane (Millipore). After blocking, the membrane was
incubated for 1 h with HRP-conjugated T2 mAb (Hayashi et al,
2004; Shimizu et al., 2010) at a 1:10000 dilution. The T2 antibody,
which recognizes a discontinuous epitope in amino acid residues 132—
156 in the mouse PrP sequence, also reacts with hamster and monkey
PrP. After washing, the blotted membrane was developed with
Immobilon Western Chemiluminescent HRP Substrate (Millipore),
according to the manufacturer’s instructions. Chemiluminescence
signals were analysed with the Light Capture system (ATTO).

Bioassay. A 10% brain homogenate from BSE-infected macaque
(no. 7) was diluted to 10™* with WT mouse PrPC substrate containing
1% (w/v) DSP and amplified. The 1:5 dilution of the PMCA product
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