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FIG. 3. Suppression of the thermotolerance of persistently infected cell lines. (A) Morphological changes of BDV-infected glial cells. Cells were
exposed to heat stress at 44°C for 1 h or to oxidative stress with 10 pM hydrogen peroxide for 0.5 h. In the case of oxidative stress, cells were allowed
to recover for 24 h in normal medium at 37°C. For morphological analysis, cells were visualized under a phase-contrast microscope. (B and C)
Disruption of the actin cytoskeleton and focal adhesion complexes in persistently BDV-infected C6 cells. C6 cells were exposed to heat stress at
44°C for 1 h. Subpanels: a and b, uninfected: ¢ and d, persistently infected. Stress-treated (b and d) and untreated (a and c) cells were fixed and
stained with rhodamine-phalloidin (B) or anti-FAK antibody (C). Arrowheads indicate FAK at the lamellipodia. (D) After heat stress, cells were
recovered at 37°C. The floating cells in the culture supernatants were counted at 0 and 1.5 h of recovery. (E) The floating cells were stained with
0.4% trypan blue, and the viable cells were counted. The data are expressed as percentages of the total number of cells counted. For statistical
analysis, the data were expressed as the mean plus the standard error. Comparisons of two groups were performed by Student’s 1 test with the
Statcel software. Double asterisks indicate statistically significant differences (P < 0.01). NT, nontreated control cells.

stress of 44°C for 1 h and analyzed HSP70 expression, as well
as morphological alteration. As shown in Fig. 4B, uninfected
primary cells showed significant upregulation of HSP70 from
3 h after heat stress. In contrast, reduced activation of HSP70
was found only from 6 h after treatment in BDV-infected
primary glial cells. Furthermore, morphological changes, such
as rounding and flatten and shape forms, were observed only in
BDV-infected cells within 1 h after treatment (Fig. 4D). This
experiment suggested the possibility that altered expression of
HSP70 may occur in persistently BDV-infected glial cells even
in infected brains.

BDV causes instability of HSP70 mRNA and PKR activation
in persistently infected cells. Previous studies revealed that
expression of heat shock genes is regulated at both the tran-
scriptional and posttranscriptional levels (21, 27). Thus, we
next examined the time course of the expression of HSP70
mRNA in C6/BDV cells after heat shock followed by 12 h of
recovery at 37°C. As shown in Fig. SA, HSP70 mRNA expres-
sion was rapidly induced by heat shock in both infected and
uninfected cells, suggesting that HSP70 mRNA transcription
was not affected by BDV persistence. However, interestingly,
HSP70 mRNA expression completely disappeared in persis-
tently infected cells by 6 h after heat shock (Fig. SA). The
levels of expression of housekeeping gene and BDV N and P

mRNAs were similar in uninfected and infected C6 cells with
or without heat shock, indicating a relatively specific effect of
heat on HSP70 mRNA expression. To confirm the instability of
HSP70 mRNA in persistently BDV-infected cells, we deter-
mined the relative stability of HSP70 mRNA in stress-treated
cells. BDV-infected and uninfected C6 cells were heat shocked
at 44°C and then allowed to recover at 37°C in the presence of
actinomycin D for 12 h. Actinomycin D blocks the de novo
synthesis of most mRNAs at the transcriptional level, and
therefore kinetic changes in cellular mRNA could reflect the
relative degree of turnover. As shown in Fig. 5C, HSP70
mRNA was relatively stable in heat-shocked uninfected C6
cells, and its half-life was estimated as 9 h after heat stress (Fig.
5C). On the other hand, in persistently BDV-infected cells, the
level of HSP70 mRNA declined by 50% within the 4-h incu-
bation period (Fig. 5C). These results suggested that BDV
persistence is involved in the posttranscriptional stabilization
of HSP70 mRNA.

A recent paper has reported that stress-induced PKR stabi-
lizes HSP70 mRNA through interaction with the AU-rich el-
ements present in the 3’ untranslated region of the HSP70
mRNA (55). On the other hand, it has also been demonstrated
that induction of HSP70 directly plays a role in the suppression
of PKR upregulation (25, 33, 34). These studies indicate that
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FIG. 4. Effects of BDV infection on HSP70 induction in primary glial cells. (A) Primary glial cells were isolated and infected with BDV as
described in Materials and Mcthods. BDV antigen was detected by immunofluorescence assay with an anti-P polyclonal antibody. Subpanels: a,
uninfected; b, BDV infected. (B) Primary glial cells were exposed to heat shock at 44°C and allowed to recover at 37°C for different times. Cells
were harvested at the indicated times in the recovery period. Nontreated control cells (NT) were maintained at 37°C and harvested together with
heat-stressed cells. After being washed with ice-cold PBS, the cells were lysed and separated by SDS-PAGE (10% acrylamide). Western blot
analysis was carried out as described in Materials and Methods. Data from one experiment representative of wo independent tests are shown.
(C) For quantitative analysis of HSP expression, band intensities were determined with NIH Image software. Values were normalized to GAPDH
levels. (ID) Morphological changes in BDV-infected primary glia! cells. Cells were exposed to heat stress at 44°C for 1 h. For morphological analysis,
cells were visualized under a phase-contrast microscope. Subpanels: a and b, uninfected; ¢ and d, persistently infected. Stress-treated (b and d) and

untreated (a and ¢) cells were fixed and stained with hematoxylin.

the interrelationship between HSP70 and PKR plays key roles
in the regulation of cellular stress responses. Therefore, we
finally investigated the expression of PKR in BDV-infected
glial cells. We used an antibody specific for autophosphory-
lated PKR 10 estimate its active form in these cells. As shown
in Fig. 6A, under normal culture conditions, the active form of
PKR appeared to be upregulated in persistently infected cells
while uninfected cells showed no production of autophospho-
rylated PKR. Uninfected C6 cells, however, gradually pro-
duced the phosphorylated form of PKR with heat treatment,
and the protein drastically increased by 6 to 12 h during the
recovery period (Fig. 6B). On the other hand, intriguingly,
upregulation of PKR expression was not seen in persistently

infected C6 cells even under stress (Fig. 6). Although our
experiment could not exclude the possibility that the level of
autophosphorylated PKR had already reached a peak in the
infected cells without a stressor, constant expression of PKR
along with no HSP70 induction may provide a possible mech-
anism by which BDV controls cellular stress responses that
could oppose persistence.

DISCUSSION

Our experiments demonstrate that persistent BDV infection
may confer instability of HSP70 mRNA in glial cells during the
stress response. Although the detailed mechanism by which
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FIG. 5. Stability of HSP70 mRNA in BDV-infected glial cells. C6
cells were exposed to heat stress at 44°C for 1 h and allowed to recover
at 37°C for the times indicated. (A) Total RNA was extracted, and
semiquantitative RT-PCR for HSP70 mRNA was performed as de-
scribed in Materials and Methods. As a contro! for the input RNA, the
GAPDH transcript in the cells was also amplified. The amplification
products were analyzed by 1.5% agarose gel electrophoresis. Gels were
stained with ethidium bromide. The images of agarose gels were cap-
tured electronically, and the pixels were inverted. Data from one ex-
periment representative of three independent tests are shown. (B) For
quantitative analysis, band intensities were determined with NIH Im-
age software. Values were normalized to GAPDH levels. The data are
expressed as the mean plus the standard error. (C) C6 cells were
exposed to heat stress at 44°C for 1 h and then allowed to recover at
37°C for various times in the presence of actinomycin D. Total RNA
was extracted, and levels of HSP70 mRNA in the extract were analyzed
by Northern blotting as described in Materials and Methods. The
levels of 28S and 18S rRNAs are also shown. NT, nontreated control
cells.

BDV affects the posttranscriptional step of the HSP70 mRNA
has remained unclear, the interrelationship between the func-
tions of HSP70 and PKR provides a possibility that aberrant
activation of PKR contributes to the instability of the mRNA
in BDV-infected cells. PKR is a serine/threonine kinase that is
activated by not only RNA or DNA viral infections but also
heat stress and several chemical stressors. The best-character-
ized role of this kinase is the downregulation of mRNA trans-
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FIG. 6. Induction of autophosphorylated PKR in BDV-infected
ghial cells during heat stress. (A) After heat shock, uninfected and
BDV-infected C6 cells were washed with ice-cold PBS and lysed in lysis
buffer. Nontreated control cells (NT) were maintained at 37°C and
harvested together with heat-stressed cells. Equivalent amounts of
proteins were separated by SDS-PAGE (10% acrylamide). Western
blot analysis was carried out to examine relative levels of phosphory-
lated PKR (P-PKR). Data from one experiment representative of
three independent tests are shown. (B) For quantitative analysis, band
intensities were determined with NIH Image software. Values were
normalized to GAPDH levels. The data are expressed as the mean plus
the standard error.
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lation via phosphorylation of the « subunit of eukaryotic ini-
tiation factor 2, and activation of PKR results in cell growth
arrest and apoptosis, as well as increased antiviral interferon
activity (5, 52). We propose that PKR function is disrupted in
cells persistently infected with BDV, for the following reasons.
First, although PKR expression is upregulated in persistently
BDV-infected cells in a steady state, the cells did not exhibit
any disturbances in proliferation, viability, or BDV protein
synthesis (Fig. 1). Second, the constant activation of PKR did
not induce HSP70 upregulation in infected cells (Fig. 1 and 2).
Third, persistently infected glial cells appeared not to undergo
cell death even during the heat shock response period (Fig. 3).
In uninfected cells, on the other hand, PKR activation by heat
shock seems to be linked to the induction of HSP70 expression
and cell death (Fig. 2 and 3). In addition. PKR activation
without inhibition of viral protein synthesis was also demon-
strated in BDV-infected rat brains (11). Moreover, it has been
reported that interferon induction is too weak to eliminate
viral activities in BDV-infected mouse brains (47). From these
observations, it is likeliest that BDV inhibits PKR function.
Recent studies revealed that many viruses can disturb PKR in
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infected cells in order to avoid its antiviral actions and cell
apoptosis. It is evident that herpes simplex virus infection
downregulates eukaryotic initiation factor 2« phosphorylation
although PKR is activated (6, 13, 16). Furthermore, simian
virus 40 appears to reverse PKR-mediated translational inhi-
bition at a step downstream of PKR activation (13, 39). Thus,
one might argue that persistent BDV infection also inhibits the
PKR signaling pathway somewhere downstream of PKR auto-
phosphorylation. Note that we found some discrepancy be-
tween the expression kinetics of HSP70 protein and mRNA in
BDV-infected cells (Fig. 2 and 5). We found weak activation of
HSP70 protein in persistently infected C6 cells at 6 and 12 h
after heat stress, whereas HSP70 mRNA was detected at 0 and
3 h by RT-PCR. Interestingly, a previous study has also dem-
onstrated that slight activation of HSP70 is detected later than
expression of its mRNA for 4 h in a PKR-negative cell line
(55). On the basis of these observations, it is possible that
inhibition of the PKR pathway may also affect the delayed
accumulation of HSP70 in stress-treated cells.

Inhibition of HSP70 induction might be critical for the sur-
vival of the virus in host cells. HSP70 is known to play direct
roles in interfering with viral protein synthesis and replication
(8, 35, 42). In addition, this protein can facilitate viral antigen
presentation in cells such as macrophages and dendrites (46,
49). Furthermore, elevations of intracellular HSP levels have
been shown to improve cell tolerance to inflammatory cyto-
kines, such as tumor necrosis factor alpha and interleukin-1
(1). Moreover, the HSP70 present on the cell surface functions
as a recognition molecule for natural Killer cells (28). These
observations demonstrated that HSP70 plays important roles
in viral elimination in infected host cells. Thus, suppression of
HSP70 expression could be an effective strategy used by BDV
to maintain long-lasting persistence.

In the CNS, a number of HSPs are constitutively or inducibly
expressed, and their upregulation and presence are connected
to the neuroprotection of neuronal and glial cells (40, 53). It is
generally accepted that HSP70 is highly upregulated by hyper-
thermia and a variety of other stressors in astrocytes, oligoden-
drocytes, and microglia, and the released HSP70 can enhance
neuronal stress tolerance (40, 53). Another study has also
demonstrated that HSP70 causes microglial activation and an
increase in cytokine production, which might contribute to
neuroprotective roles in infected brains (18). Furthermore,
large HSPs are known to interact with the cytoskeleton and
assist in the proper assembly and spatial organization of cells
(20). In neuronal cells, cytoskeletal stability could be absolutely
necessary for synaptic plasticity and CNS development. In-
deed, it has been reported that HSP70 localizes to the synapses
after stress induction and also that the expression of HSP70
protects synapse formation, as well as synaptic transmission (2,
31, 40). Interestingly, we also found that a human neuroblas-
toma cell line, SK-N-SH, shows delayed expression of HSP70
during persistent BDV infection. Expression of HSP70 was
detected only from 12 h after heat shock in infected SK-N-SH
cells, while uninfected control cells rapidly induced HSP70
from 3 h after heat treatment (data not shown). These obser-
vations suggest that inhibition of HSP70 expression during
BDV infection may have deleterious effects on synaptic plas-
ticity, especially under stress. Moreover, HSP70 has been re-
vealed to be constitutively expressed in the rat CNS from

J. VIROL.

postnatal development to maturity (4), suggesting that inhibi-
tion of HSP70 expression in developing brains may cause de-
velopmental damage of the CNS, as is shown in the brains of
rat neonatally infected with BDV. Further study is needed to
understand the effects of HSP70 inhibition in the brains of
animals persistently infected with BDV.
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Comparative Molecular Analysis of Haemophilus influenzae Isolates
from Young Children with Acute Lower Respiratory Tract
Infections and Meningitis in Hanoi, Vietnam
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Thirty-seven Haemophilus influenzae strains from nasopharyngeal swabs (NP) and 44 H. influenzae strains
from cerebrospinal fluid (CSF) were investigated. Of the 37 H. influenzae isolates from NP, the serotypes of 30
isolates were nontypeable, 4 were type b, 2 were type ¢, and 1 was type a, whereas all of the 44 isolates from
CSF were type b. The MICs of 16 antibiotics for the H. influenzae isolates from NP and CSF were similar, and
no B-lactamase-negative ampicillin-resistant strain was found. Molecular typing by pulsed-field gel electro-
phoresis (PFGE) showed that the 37 H. influenzae strains from NP had 22 PFGE patterns, with none
predominating, and the 44 H. influenzae strains from CSF had 9 PFGE patterns, with patterns a (22 isolates)
and B (12 isolates) predominating. Our results indicate that two predominant types of H. influenzae type b
strains have the potential to spread among children with meningitis in Hanoi, Vietnam.

Nontypeable Haemophilus influenzae (NTHi) can cause a
variety of infections, including otitis media, bronchitis, and
pneumonia (7), whereas H. influenzae type b (Hib) is a com-
mon cause of meningitis in children (11). Hib infection rates
have been dramatically reduced in countries that have imple-
mented Hib conjugate vaccine programs as part of routine
infant immunizations (10). It has also recently been reported
that B-lactamase-negative ampicillin (AMP)-resistant (BLNAR)
strains have increased in some countries (6, 12), although their
global prevalence remains low (4, 5). The aim of our study was
to investigate the characteristics of H. influenzae among chil-
dren less than S years of age in Vietnam.

Thirty-seven H. influenzae strains were isolated from the
nasopharyngeal swabs (NP) of 37 children aged 2 to 60 months
(mean age, 11 months) who were diagnosed with acute lower
respiratory tract infections between 2001 and 2002, and 44 H.
influenzae strains were isolated from the cerebrospinal fluid
(CSF) of 44 children aged 1 to 24 months (mean age, 9
months) who were diagnosed with meningitis between 2002
and 2003, in Hanoi, Vietnam. No patient with an acute lower
respiratory tract infection overlapped a patient with meningi-
tis. H. influenzae isolates were serotyped by slide agglutination
with antisera purchased from Difco Laboratories (Detroit,
Mich.), and B-lactamase production was detected by a disk
impregnated with nitrocefin (Becton Dickinson, Sparks, Md.).
PCR was carried out for H. influenzae isolates by using mixed
primers (Wakunaga Pharmaceutical Co., Hiroshima, Japan),
as described previously (3). MICs were determined by the agar
dilution method according to the NCCLS guidelines (8). The
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susceptibilities of 81 H. influenzae isolates to the following 16
antibiotics were tested: penicillin G (Meiji Seika Kaisha, To-
kyo, Japan), AMP (Meiji Seika Kaisha), amoxicillin-clavulanic
acid (AMC) (GlaxoSmithKline K.K., Tokyo, Japan), cefatri-
zine (Taiyo Yakuhin Co., Nagoya, Japan), cefuroxime (Sankyo
Co., Tokyo, Japan), ceftriaxone (Chugai Pharmaceutical Co.,
Tokyo, Japan), cefotaxime (Aventis Pharma, Tokyo, Japan),
imipenem (Banyu Pharmaceutical Co., Tokyo, Japan), mino-
cycline [Lederle (Japan), Tokyo, Japan], chloramphenicol
(Sankyo Co.), clarithromycin (Taisho Pharmaceutical Co., To-
kyo, Japan), erythromycin (Dainippon Pharmaceutical Co.,
Osaka, Japan), gentamicin (Schering-Plough K.K., Osaka, Ja-
pan), levofloxacin (Daiichi Pharmaceutical Co., Tokyo, Japan),
norfloxacin (Kyorin Pharmaceutical Co., Tokyo, Japan), and
sulfamethoxazole-trimethoprim (Shionogi & Co., Osaka, Ja-
pan). After digestion with Smal (Takara Shuzo Co., Shiga,
Japan), pulsed-field gel electrophoresis (PFGE) was per-
formed on the 37 H. influenzae isolates from the NP and the 44
H. influenzae isolates from the CSF, as described previously
(16), and the interpretation of PFGE patterns was based on
the criteria described by Tenover et al. (13).

Of the 37 H. influenzae isolates from NP, the serotypes of 30
isolates were nontypeable, 4 were type b, 2 were type ¢, and |
was type a, whereas the 44 isolates from CSF were all type b.
Twenty-six strains (70.3%) from NP and 23 strains (52.3%)
from CSF were B-lactamase producing, and the remaining
strains were B-lactamase negative by the nitrocefin disk assay.
PCR analysis to identify the resistance genes indicated that 25
strains from NP and 21 strains from CSF were B-lactamase-
producing AMP-resistant isolates which had the TEM-1-type
fB-lactamase gene; 11 strains from NP and 22 strains from CSF
were B-lactamase-negative AMP-susceptible isolates, all of
which lacked all resistance genes; and 1 strain each from NP
and CSF were B-lactamase-producing AMC-resistant isolates
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TABLE 1. Distribution of MICs against 16 antibiotics for H. influenzae strains isolated from nasopharyngeal swabs and
cerebrospinal fluid from children in Vietnam

MIC (ug/ml) for isolatcs from:
Antibiotic NP (n = 37) CSF (n = 44)

Range T 50% 90% Range 50% 90%
Penicillin G 0.5-128 16 32 =0.004-128 2 32
Ampicillin 0.25-64 8 32 0.125-32 i 8
Amoxicillin-clavulanic acid 0.25-2 0.5 05 0.25-1 0.25 0.25
Cefatrizine 2-32 4 8 2-16 4 16
Cefuroxime 054 1 4 0.016-4 1 2
Ceftriaxone =0.004-0.032 0.008 0.016 =0.004-0.032 0.008 0.008
Cefotaxime 0.008-0.125 0.032 0.032 =0.004-0.125 0.032 0.063
Imipenem 0.25-4 2 2 0.25-1 0.25 1
Minocycline 0.5-2 1 2 0.5-2 1 1
Chloramphenicol 0.5-16 4 8 0.5-16 8 16
Clarithromycin 0.25-16 8 16 4-16 8 8
Erythromycin 0.25-4 4 4 0.016-8 2 4
Gentamicin 1-2 1 2 0.016-2 05 2
Levofloxacin 0.016-0.063 0.032 0.032 =0.004-0.032 0.032 0.032
Norfloxacin 0.063-0.125 0.125 0.125 0.063-0.125 0.063 0.125
Sulfamethoxazole-trimethoprim 1-=128 =128 =128 0.032-=128 128 =128

which had the TEM-1-type B-lactamase gene and the fis/ gene
with the same substitution as the low-BLNAR strains. Al-
though all isolates from NP which had the TEM-1-type B-lac-
tamase gene were $-lactamase producing by the nitrocefin disk
assay, one isolate from CSF which had the TEM-1-type B-lac-
tamase gene was B-lactamase negative and two isolates from
CSF which did not have the TEM-1-type B-lactamase gene
were f-lactamase producing by the nitrocefin disk assay. No
BLNAR strain was found. Table 1 shows the MIC range, the
MICs at which 50% of isolates were inhibited (MIC,,), and the
MIC,,, of 16 antibiotics for 37 H. influenzae isolates from NP
and 44 H. influenzae isolates from CSF. Although the MICs of
the H. influenzae isolates from NP against penicillin G and
AMP appear to be higher than those from CSF, the antimi-
crobial susceptibilities of the H. influenzae isolates from NP
and CSF were similar. Molecular typing by pulsed-field gel
electrphoresis (PFGE) showed that the 37 H. influenzae strains
from NP had 22 PFGE patterns (A to V), without any pre-
dominant pattern (Fig. 1). The PFGE patterns of H. influenzae
types a, b, and c were different from those of NTHi. Four
isolates of type b had two PFGE patterns (I and K), and two
isolates of type ¢ had two PFGE patterns (H and Q). Forty-
four H. influenzae strains from CSF had nine PFGE patterns (o
to v), with patterns o (22 isolates) and B (12 isolates) predom-
inating. The PFGE patterns of 4 H. influenzae type b strains
from NP were quite different from those of the 44 H. influenzae
type b strains from CSF (Fig. 2).

Infants and young children tend to acquire H. influenzae in
the upper respiratory tract because of their low immunity (16),
and subsequent colonization can become a risk factor for in-
vasive diseases caused by H. influenzae (2, 11). Since it has
recently been reported that BLNAR NTHi and Hib have in-
creased in some countries (3, 6, 12), the primary objective of
this study was to investigate such resistant strains among chil-
dren in Vietnam. In fact, no BLNAR strains were found in
either NP or CSF, although more than half the isolates were
B-lactamase producing and had the TEM-1-type B-lactamase
gene. Hib remains the major cause of meningitis after the

introduction of Hib vaccine in many advanced nations, because
that vaccine is not usually available in Vietnam (14). There-
fore, a secondary objective of this study was to examine the
transmission route of H. influenzae. It has recently been re-
ported that children can acquire H. influenzae at day care
centers (9, 16) or from their parents at home (15). Our PFGE
studies showed that NTHi did not have dominant genetic pat-
terns but that Hib had two dominant genetic patterns. The
results provide evidence to show that at least two types of Hib
strains are spreading horizontally among children with menin-
gitis in Vietnam. The Hib conjugate vaccine appears to be
effective, not only for the prevention of invasive diseases, but
also for the reduction of nasopharyngeal carriage in young
children (1, 10).

In conclusion, our results demonstrate that BLNAR strains
are not prevalent and that two predominant types of Hib
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FIG. 1. PFGE patterns of Smal-digested DNA from 37 H. influen-
zae isolates from NP of 37 children with acute lower respiratory tract
infections. Molecular typing by PFGE demonstrated that 37 H. influ-
enzae strains from the NP had 22 PFGE patterns (A to V), without any
predominant pattern. The PFGE patterns of H. influenzae types a, b,
and ¢ were different from those of the nontypeable strains.
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FIG. 2. PFGE patterns of Smal-digested DNA from 48 Hib isolates
from the CSF of 44 children with meningitis and the NP of 4 children
with acute lower respiratory tract infections. Molecular typing by
PFGE demonstrated that the 44 Hib strains from the CSF had nine
PFGE patterns (« to 1), with patterns o (22 isolates) and B (12 isolates)
predominating. PFGE patterns of 4 Hib strains from the NP were
quite different from those of 44 Hib strains from CSF.

strains have the potential for spreading among children with
meningitis in Hanoi, Vietnam. Therefore, the introduction of
the Hib conjugate vaccine for young children should be con-
sidered in order to prevent invasive diseases caused by Hib.
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Quantitative Analysis of Kaposi Sarcoma—Associated
Herpesvirus (KSHV) in KSHV-Associated Diseases
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Background. Accurate numbers of copies of Kaposi sarcoma-associated herpesvirus (KSHV) and numbers of
virus-infected cells in lesions caused by KSHV-associated diseases are unknown.

Methods. Quantitative polymerase chain reaction (PCR) and computerized imaging of immunohistochemical
analysis were performed on pathologic sections of samples from persons with KSHV-associated diseases.

Results. Real-time PCR and semiquantitative PCR—Southern blotting demonstrated that DNA extracted from
biopsy samples of KS lesions contained ~1-2 viral copies/cell. KSHV-associated lymphoma contained 10-50 vi-
ral copies/cell. Computerized-image analysis demonstrated that ~49% of cells expressed KSHV-encoded latency-
associated nuclear antigen in KS biopsy samples. On the basis of results of real-time PCR and computerized-image
analysis, the predicted number of viral copies was 3.2 viral copies/cell in KS lesions. Computerized-image analysis
also revealed that the expression of open-reading frame (ORF)-50 protein, an immediate early protein of KSHV,
was very rare in KS lesions, which implies that they were mainly composed of proliferating cells latently infected
with KSHV. In multicentric Castleman disease lesions, 25% of virus-infected cells expressed ORF50 protein, which

suggests the frequent lytic replication of KSHV.
Conclusions.

Numbers of viral copies and of virus-positive cells vary among KSHV-associated diseases, which

suggests different mechanisms of viral pathogenesis. The combination of real-time PCR and computerized-image
analysis provides a useful tool for the assessment of the number of viral copies in KSHV-associated diseases.

Kaposi sarcoma-associated herpesvirus (KSHYV, also
called human herpesvirus [HHV]-8) has been detected
by polymerase chain reaction (PCR) and immunohis-
tochemical analysis in almost all cases of KS, regardless
of HIV infection status [1-6]. Primary effusion lym-
phoma (PEL) is also a KSHV-associated disease [7],
and KSHV-associated solid lymphoma has been re-
ported to be a variant of PEL that forms solid tumors
{8, 9]. Some, but not all, cases of multicentric Castle-
man disease (MCD) are also KSHV positive {10, 11].

Similarly to other herpesviruses, KSHV has 2 phases
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of infection: lytic and latent [1, 12]. During the lytic
phase, KSHYV replicates in infected cells, which results
in cell lysis. However, the virus does not replicate in
latently infected cells, although they harbor viral epi-
somes and express several KSHV-encoded latency-as-
sociated proteins, such as latency-associated nuclear an-

* tigen (LANA) and LANAZ2 [1, 13, 14]. Although latent

infection predominates in KSHV-infected PEL cell lines,
phorbol ester stimulation can induce lytic infection in
these cells [12]. Gene expression during the lytic phase
is classified into immediate early, early, and late ex-
pression [12]. Open-reading frame (ORF)-50 was iden-
tificd as an immediate early protein that was required
for the lytic replication of KSHV [12, 15, 16]. Immu-
nohistochemical studies demonstrated that KS cells ex-
pressed LANA; however, the expression of lytic proteins
was very rare in KS lesions, which suggests that latent
infection predominates in KS cells {5, 6, 17]. Lytic pro-
teins are expressed by some B cells in the mantle zone
of MCD, which suggests that lytic replication frequently
occurs in MCD lesions [6, 17].

Numbers of KSHV copies in KSHV-associated dis-
eases have been investigated by several groups [18-26].
An early study that used conventional PCR and South-
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Table 1. No. of copies of Kaposi sarcoma—associated herpesvirus (KSHV), determined by real-time poly-
merase chain reaction {PCR) and PCR—Southern blot.

Real-time PCR PCR-Southern biot
Patient (disease) Mean copies/cell Average (SD) No. Mean copies/cell
1 (PEL) 82.01 82.01 1 50
2 (KSHV-associated solid lymphoma) 14.26 10.75 (4.97)
3 (KSHV-associated solid lymphoma) 7.23 2 2
4 (AlDS-associated patch KS) 0.09 0.13 (0.11)
5 (AIDS-associated plague KS) 0.04
6 (AIDS-associated patch KS) 0.25
7 (AlDS-associated nodular KS} 0.67 1.72 (1.51) 3 2
8 (AlDS-associated nodular KS) 1.02 4 0.4
9 (AIDS-associated nodular KS) 0.53
10 (AIDS-associated nodular KS) 3.13 5 0.4
11 (AIDS-associated nodular KS) 3.93 6 2
12 (AIDS-associated nodutar KS) 0.14
13 (AIDS-associated nodular KS) 3.41
14 {AlDS-associated nodular KS) 0.91
15 (classic patch KS) 0.16 2.60 (2.70)
16 (classic patch KS) 5.50 7 0.08
17 (classic patch KS) 2.13
18 (classic nodular KS} 0.00 1.64 (2.63)
19 (classic nodular KS) 4.67 8 2
20 (classic nodular KS) 0.25
21 (MCD) 0.27 0.27 9 1
22 (control, BCBL-1) 78.01 87.08 (12.83)
23 (control, TY-1) 96.15

NOTE. MCD, multicentric Castleman disease; PEL, primary effusion lymphoma.

ern blot analysis demonstrated that a PEL cell contained ~50
copies of KSHV genome, whereas the KSHV genome was de-
tected at a rate of ~1 viral copy/cell in KS lesions [18]. Recently,
real-time PCR was used to detect KSHYV, and several reports
have described numbers of viral copies in peripheral blood
mononuclear cells (PBMCs) derived from patients with KS {19-
26]. Studies using real-time PCR have demonstrated that num-
bers of viral copies in PBMCs varied among diseases and disease
stages {21-24]. However, to our knowledge, there has been no
report that has compared numbers of viral copies in KS, PEL,
or MCD lesions using real-time PCR. Therefore, the aim of
the present study was to determine numbers of viral copies in
lesions of KSHV-associated diseases using pathologic samples.
Pathologic tissue samples—such as biopsy samples—frequently
contain both virus-infected cells and noninfected cells. Thus,
results from real-time PCR do not solely represent numbers of
viral copies in virus-infected cells. To solve this problem, we
combined real-time PCR with computerized-image analysis
that allowed an assessment of numbers of virus-infected cells
in immunostained sections. Using these methods, we identified
numbers of both viral copies and virus-infected cells in ap-
propriate sections. Thus, we obtained relatively accurate num-
bers of viral copies in histologic sections of KSHV-associated
disease lesions.

PATIENTS, MATERIALS, AND METHODS

Patients and samples. All patients provided informed con-
sent for specimens to be obtained. For PCR analysis, 21 clinical
samples were collected (table 1). For immunohistochemical
analysis, 27 histopathologic specimens from KSHV-infected pa-
tients (table 2) were collected from 1995 to 2004. All KS spec-
imens were categorized into groups according to the clinical
stage of KS (patch, plaque, or nodular) on the basis of clinical
and histologic data. DNA extracted from 2 KSHV-positive cell
lines (BCBL-1 and TY-1), a KSHV-negative Epstein-Barr virus—
positive Burkitt lymphoma cell line (Raji), and human umbil-
ical vascular endothelial cells (HUVECs) was used as a control
for PCR studies [27, 28].

Preparation of DNA. DNA was extracted from fresh-fro-
zen clinical materials or from formalin-fixed, paraffin-embed-
ded tissue samples from 21 biopsies of KSHV-infected patients
(table 1). For fresh-frozen materials, the DNeasy Tissue Kit
{Qiagen) was used in accordance with the manufacturer’s in-
structions. For the isolation of DNA from formalin-fixed, par-
affin-embedded biopsy samples, 5-pm sections (n = 3-4) were
deparaffinized with xylene, digested with proteinase K, and
processed for phenol/chloroform extraction with sodium ace-
tate/ethanol precipitation.
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Table 2. Percentage of latency-associated nuclear antigen (LANA)- or open-reading
frame (ORF)}-50—positive cells in immunohistochemical analysis (IHC} with comput-

erized-image analysis.

Cases, Minimum/maximum

IHC, samples no. (average), %
LANA

AlDS-associated patch/plaque KS 1 12/95 (48)

AlDS-associated nodular KS 4 28/72 (57)

AlDS-associated KS involving LN 2 28/31 (30)

AlDS-associated KS involving G tract 2 6/7 (7)

Classic patch/plaque KS 2 25/47 (36)

MCD 4 5/21 (8)

KSHV-associated solid lymphoma 2 79/80 (80)
ORF50

AiDS-associated patch/plaque KS 5 0

AlDS-associated nodular KS 4 0

Classic KS, patch/plaque 2 0

MCD 5 1/3 (2)

KSHV-associated solid lymphoma 2 0/5 (3)

NOTE. Gl, gastrointestinal; KSHV, Kaposi sarcoma-associated herpesvirus; LN, lymph node; MCD,

multicentric Castleman disease.

Real-time quantitative PCR. Amounts of KSHV DNA were
determined by quantitative real-time (TagMan) PCR using the
ABI Prism 7900HT sequence detection system (Applied Biosys-
tems), which amplified segments within the KSHV LANA gene
(one of the latent proteins coded on ORF73). Sequences and
usage parameters of primers and probes have been described
elsewhere [19]. We also determined the amounts of human ge-
nomic DNA that were present in DNA extracted from each
specimen. Primers and probes for the gene encoding human
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were de-
signed, using Primer Express software (Applied Biosystems), to
obtain a 104-bp amplicon. Forward and reverse primer se-
quences were 5-GCTCCCTCTTTCTTTGCAGCAAT-3' and 5-
TACCATGAGTCCTTCCACGATAC-3', respectively. The fluo-
rogenic TagMan probe was 5'-(FAM)TCCTGCACCACCAAC-
TGCTTAGCACC(TAMRA)-3". PCR amplification was per-
formed in 25-pL reaction mixtures using QuantiTect probe PCR
Master Mix (Qiagen), 0.4 pmol/L each primer, 0.2 pmol/L
TagMan probe, and 2 pL of isolated DNA. PCR conditions
were 15 min at 95°C, followed by 45 cycles of 15 s at 94°C and
1 min at 60°C. Quantitative results were obtained by generating
standard curves for pGEM-T plasmids (Promega) that con-
tained each KSHV (ORF73) and cellular target (GAPDH) am-
plicon. The number of viral copies per cell was calculated by
dividing the number of ORF73 copies by one-half of the num-
ber of GAPDH copies, because there are 2 alleles of GAPDH
in each cell.

Detection of KSHV by semiquantitative PCR-Southern
blotting analysis. Semiquantitative PCR-Southern blotting
was performed to determine copy numbers of KSHV in DNA
samples after PCR amplification of KS330,,, {11, 29]. The 8-

globin gene was simultaneously amplified as described else-
where [11]. For PCR-Southern blot analysis, digoxygenin
(DIG)-labeled KS330,,; and a 110-bp DNA fragment of the
B-globin gene, whose sequences were confirmed by sequencing,
were used as probes [11]. Procedures for Southern blot analy-
sis and the detection of DIG were those of the manufacturer
(Roche Diagnostic). Copy numbers of KSHV were determined
by comparing results for KS330,,, and 8-globin, on the basis
of the information that each cell has 2 copies of the 8-globin
genome.

Serial sec-
tions were prepared and stained with hematoxylin-eosin (HE)

Histologic and immunohistochemical analyses.

for light microscopy or were subjected to immunohistochem-
ical staining with antiserum against LANA or ORF50 pro-
teins (lytic antigens) [4, 30]. Immunohistochemical staining
was visualized using the avidin-streptavidin-peroxidase meth-
od with 3-3'diaminobenzidine as the chromogen, as described
elsewhere (4, 30]. For double immunohistochemical staining of
vascular endothelial cell growth factor receptor-3 (VEGFR-3)
and LANA, an anti-LANA rabbit polyclonal antibody, a perox-
idase-conjugated anti-rabbit goat antibody (Envision; Dako Cy-
tomation), and aminoethylcarbazole (AEC; Nichirei) were used
as the primary antibody, secondary antibody, and chromogen,
respectively. After the color development of AEC, slides were
washed with PBS and processed for VEGFR-3 staining. Anti—
VEGFR-3 mouse monoclonal antibody (D2-40; Nichirei) and
alkaline phosphatase—conjugated anti-mouse IgG goat antibody
(Envision; Dako Cytomation) were used, and a positive signal
was detected with Fast Blue BB (Sigma-Aldrich). Slides were
mounted with a glycerol-based mounting solution.
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CIKS

No. of copies of Kaposi sarcoma-—associated herpesvirus (KSHV) in KSHV-associated diseases, determined by real-time polymerase chain

reaction (PCR). A and B, Amplification curves of open-reading frame (ORF}-73 (A) and glyceraldehyde 3-phosphate dehydrogenase (APDH) genomes
{B). C. Standard curve of ORF73 and GAPDH genomes. D, No. of copies of KSHV per cell, calculated on the basis of the results of real-time PCR.
Horizontal and vertical bars beside blots indicate average and SD, respectively. AIDS KS, AlDS-associated KS; Cl KS, classic KS; MCD, multicentric
Castleman disease; N, nodular; P, patch; PEL, primary effusion lymphoma; Rn, normalized reporter signal.

Computerized-image analysis for KSHV-positive cells. To
estimate numbers of KSHV-infected cells in lesions of KSHV-
associated diseases, computerized analysis of immunohisto-
chemical images was performed using ImageJ software (version
1.33u; National Institutes of Health). A representative image of
each section from each sample was captured at X40 or X100
magnification. First, the image was split into red, green, and blue
colors; then the 3 images were converted to gray-scale images.
The total number of cells was counted in the red image, and the
number of KSHV-infected cells (stained by the antiserum against
KSHYV proteins) was counted in the blue image. A threshold was
set, for clear visualization of the displayed image. For counting
cells, “analyze particle” was selected from “analyze” in the menu
bar, and the minimum size was set at 30. After the accuracy of
cell outlines generated by the software was verified, numbers of
cells were calculated in separate windows.

RESULTS

Amount of KSHYV viral genome in KSHV-associated lesions.
To determine the relationships between amounts of KSHV ge-
nome and KSHV-associated diseases, we performed real-time
PCR to detect KSHV ORF73 and GAPDH in appropriate DNA
samples. Specificity of the assay for ORF73 was confirmed using
a panel of DNA from other herpesviruses (HHV-1-7) and cellular

DNA from HUVECs and Raji cells (data not shown). The assay
for ORF73 uniformly detected 10 copies of pPGEM-ORF73 plas-
mid (figure 1A and 1C). PCR amplification of GAPDH also
uniformly detected 10 copies of GAPDH genome (figure 1B and
1C). Amplification plots and standard curves demonstrated a
linear relationship between numbers of copies from 10 to 10°
and the cycle threshold, which indicates that dynamic ranges of
these 2 real-time PCRs were between 10 and 10° copies. To
validate differences between DNA samples from frozen tissues
and those from paraffin-embedded tissues, we tested a DNA
sample from a frozen cell pellet of TY-1 and a DNA sample from
a paraffin-embedded TY-1 cell pellet. No significant difference
was detected between these 2 types of DNA (data not shown).

Results of real-time PCR showed signs of a positive associ-
ation between the number of viral copies per cell and disease
(table 1 and figure 1D). A DNA sample from PEL demonstrated
a number of KSHV copies similar to that of PEL cell lines (PEL,
82; PEL cell lines, 87). DNA from samples of KSHV-associated
solid lymphoma also showed a high number of KSHV copies
(average, 10.8 viral copies/cell). DNA from samples of KS and
MCD demonstrated lower numbers of viral copies than those
of KSHV-associated lymphoma (PEL and KSHV-associated sol-
id lymphoma). The average number of KSHV copies in DNA
from KS samples was 1.58 viral copies/cell (range, 0.00-5.50
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Figure 2. No. of copies of Kaposi sarcoma—assaciated herpesvirus (KSHV) in KSHV-associated disease. determined by conventional polymerase
chain reaction (PCR}-Southem blotting. A, PCR—Southern blotting. DNA extracted from samples was serially diluted, and KS330 and 8-glabin genes
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muiticentric Castleman disease; N, nodular; P patch.

viral copies/cell), whereas those in DNA samples from the nod-
ular and patch/plaque stages of AIDS-associated KS samples
were 1.72 and 0.13 viral copies/cell, respectively. DNA samples
from classic KS (KS in patients without HIV infection) also
had <5 viral copies/cell. A DNA sample from an MCD lesion
had 0.27 viral copies/cell. To confirm these results, we per-
formed semiquantitative PCR-Southern blot analysis using
some of these samples. Results demonstrated similar copy num-

bers resulting from the 2 techniques (table 1 and figure 2).
Thus, quantitative PCR analysis suggested that PEL might have
the highest copy number (82 copies), followed by KSHV-as-
sociated solid lymphoma (11 copies). KS and MCD lesions
contained lower copy numbers (~1 copy/cell), regardless of
HIV-infection.

Number of KSHV-infected cells in KSHV-associated diseases.
Because pathologic tissue samples present cells contaminated
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Figure 3. Computerized-image analysis of immunostaining. A-K, Samples of computerized-image analysis. A, Image of immunohistochemical analysis
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in varying degrees, all DNA samples that we used for real-time
PCR actually contained DNA extracted from histologically nor-
mal cells and noninfected (LANA-negative) cells, as confirmed
by histologic data. To determine accurate KSHV copy numbers
in a KSHV-infected cell in a lesion, knowledge is required of
accurate numbers of KSHV-infected cells in a specific sample.
Thus, we performed computerized-image analysis of immu-
nostained sections to estimate the number of KSHV-positive
cells. Because it is recognized that all KSHV-infected cells ex-
press LANA in the nuclei, we counted cells expressing LANA

in the nuclei as KSHV-infected cells. LANA was stained brown
in immunohistochemical analysis, and cell nuclei were coun-
terstained with hematoxylin (violet). Therefore, brown nuclei
were counted as LANA-positive cells, and violet entities were
counted as nuclei by the image-analysis software Image] {figure
3). Results revealed that 80% of cells in tissue samples from
KSHV-associated solid lymphoma were LANA positive (table
2 and figure 3L). Tissues obtained from AIDS-associated and
non-AlDS-associated KS contained 12%-95% (average, 49%)
LANA-positive cells. The MCD sample contained 8% (range,
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Table 3. No. of viral copies and percentage of latency-associated nuclear antigen (LANA-) or open-reading frame (ORF)}-50-positive
cells in Kaposi sarcoma—associated herpesvirus (KSHV}-associated diseases.

Detected viral LANA ORF50 Lytic cells/ Predicted viral
Samples copies/cell® positive,” % positive,b % infected cells, % copiesfinfected cell
PEL 82.01 ND ND ND
KSHV-associated solid lymphoma 10.7 80 3 4 13.4
KS 1.58 49 0 0 3.22
AlDS-associated KS 1.28 51 0 0 2.50
Patch/plaque 0.13 48 0 0 0.27
Nodular 1.72 57 0 0 3.02
Classic KS 2.12 36 0 0 5.89
MCD 0.27 8 2 25 3.38

NOTE. MCD, multicentric Castleman disease; ND, not done; PEL, primary effusion lymphoma.

? TagMan polymerase chain reaction.
® |mmunohistochemical analysis.

5%-21%) LANA-positive cells. By comparing results from
quantitative PCR and computerized-image analysis, we pre-
dicted numbers of KSHV copies in virus-infected cells from
KSHV-associated disease samples (table 3). The predicted num-
ber of KSHV copies was 3.2 viral copies/cell in KS lesions. We
also counted cells positive for ORF50 protein, a lytic antigen
encoded by KSHV (table 2 and figure 3M). There were 3%
ORF50 protein—positive cells in KSHV solid lymphoma sam-
ples and even a smaller percentage in KS lesions (table 2 and
figure 4). When we compared numbers of cells expressing

ORF50 protein and those expressing LANA, it was clear that

KS cells expressed LANA, but the expression of ORF50 protein
was very rare in KS lesions (table 3). In MCD lesions, 2% of
cells expressed ORF50 protein. Although only 8% of cells were
virus infected in MCD lesions, 25% of virus-infected cells
expressed ORF50 protein, which suggests the frequent lytic
replication of KSHV in MCD. These data demonstrated that
number of viral copies and positivity for LANA varied among
KSHV-associated diseases, which suggests different mecha-
nisms of viral pathogenesis.

Numbers of KSHV copies at each KS stage.
categorized into 3 clinical stages: patch, plaque, and nodular.

KS lesions were

To determine the relationship between amounts of KSHV ge-
nome and KS dlinical stage, amounts of viral genome and cel-
lular gene present in DNA extracts from specimens at each KS
stage were examined using quantitative real-time PCR (fig-
ure 1) and semiquantitative PCR-Southern blotting (figure 2).
The number of KSHV copies was significantly lower in patch/
plaque-stage lesions (range, 0.04-0.30 viral copies/cell; average,
0.13 viral copies/cell) than in nodular-stage lesions (range,
0.10-3.90 viral copies/cell; average, 1.72 viral copies/cell) (P<
.05, Mann-Whitney U test). In contrast, the number of KSHV
copies was similar in both patch/plaque- and nodular-stage le-
sions in classic KS. Computerized-image analysis of immu-
nohistochemically stained sections revealed that LANA-positive
cell populations in the nodular stage (57%) were larger than

those in the patch/plaque stage (48%); however, there was no
significant difference between them. Lytic ORF50 protein—pos-
itive cells were very rare (0%) in both stages (figure 3L and
3M and table 3), which implies that lesions in KS were mainly
composed of proliferating KSHV latently infected cells. Differ-
ences in numbers of viral copies between the 2 stages in AIDS-
associated KS may simply be related to the numbers of latently
infected cells.

KSHV-positive cells during the early stage of KS. Accord-
ing to the results of quantitative PCR, relatively high numbers
of KSHV copies were detected in patch-stage KS tissue samples
(figure 1D). In addition, KSHV-positive cells were detected at
a rate of ~50% even during the early stage of KS, although
numbers of viral copies in DNA from patch-stage samples were
lower than those in nodular-stage samples. To clarify why such
a high number of viral copies was present during the patch
stage of KS, we investigated the localization of KSHV-positive
cells in histologically stained sections at the patch stage. His-
tologic analysis showed an abnormal enlargement of blood cap-
illaries with extended endothelial cells during the patch stage
(figure 4A). Spindle cells were also sometimes observed around
vessels at this stage. Many previous research groups have re-
ported that these spindle-shaped cells were positive for KSHV;
however, there has been no report that has described the KSHV
status of these extended endothelial cells in enlarged capillaries
during the early stage of KS. Here, double labeling revealed
that both enlarged endothelial cells and spindle cells around
capillaries were positive for LANA and VEGFR-3 (figure 4A
and 4B). VEGFR-3 is a marker of lymphatic endothelial cells,
and it is known that KSHV infection alters the gene profile
and induces the expression of VEGFR-3 in endothelial cells
[31-33]. All KS spindle cells at every stage expressed both LANA
and VEGFR-3 (figure 4A—4F). No signal for LANA or VEGFR-
3 was found in normal endothelial cells from capillaries or
blood vessels in KS lesions (figure 4C and 4D). These data
suggest that KSHV may infect endothelial cells at a very early
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Figure 4. Kaposi sarcoma (KS}-associated herpesvirus—positive cells in various stages of KS. A and B, hematoxylin-eosin (HE) staining (A} and
double immunchistochemical staining (B) of vascular endothelial cell growth factor receptor 3 (VEGFR-3) (blue) and latency-associated nuclear antigen
(LANA) {brown) in serial sections of patch-stage KS. Original magpnification, <400. € and D, HE staining (C) and double immunohistochemical analysis
(D) of VEGFR-3 {blue) and LANA (red) in serial sections of plaque-stage KS. Arrowheads indicate vascular endothelial cells. Original magnification,
x400. £ and £ Double immunohistochemical analysis of VEGFR-3 {blue/ and LANA {red) in nodular-stage KS. Original magnifications, X100 (£} and
X400 (F).

stage in KS lesions and that infection may induce an abnormal implies that the lytic replication of KSHV was frequent in MCD
extension of endothelial cells and an enlargement of blood lesions. To our knowledge, this is the first study describing both

vessels, resulting in a relatively high number of KSHV copies.  numbers of viral copies and numbers of virus-infected cells in
pathologic samples from KSHV-associated disease lesions.
DISCUSSION The combination of real-time PCR and computerized-image

analysis allowed the prediction of numbers of viral copies per
infected cell in each KSHV-associated disease. Predicted copy
numbers per infected cell are listed in table 3. KS lesions might

In the present study, we evaluated numbers of viral copies and
numbers of KSHV-infected cells in KSHV-associated diseases
using real-time quantitative PCR and a computerized-image
analytical method. The predicted number of KSHV copies was ~ contain 0.27-5.89 viral copies/cell (average, 3.22 viral copies/
3.2 viral copies/cell. The expression of ORF50 protein wasrare  cell) of KSHV. KSHV-associated solid lymphoma cells might
or nonexistent in KS lesions, which suggests that latently in- contain >10 viral copies/cell. These numbers were close to the
fected cells were proliferating in KS lesions. In MCD samples, ones reported for KS cells (1 viral copy/cell) and PEL cells (50
25% of KSHV-infected cells expressed ORF50 protein, which  viral copies/cell) [18, 19]. Because almost all KS cells express
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LANA, a KS cell should have >1 copy of the virus. One molecule
of LANA binds to 1 copy of the KSHV genome on chromo-
somes of host cells {34]. Immunohistochemical staining pro-
duces several dots of LANA in the nucleus of every KS cell [4,
6]. Thus, it is not surprising that a KS cell has several copies
of KSHV. Like KS cells, PEL and KSHV-associated solid- lym-
phoma cells exhibited several dots of LANA staining in their
nucleus by immunohistochemical analysis, which suggests that
PEL and KSHV-associated solid lymphoma cells also have sev-
eral copies per cell. However, numbers of viral copies in PEL
and KSHV-associated solid lymphoma cells were obviously
higher than those in KS cells. One reason for that was that 3%
of KSHV-associated solid lymphoma cells expressed ORF50
protein, which implies that a small population of lymphoma
cells was in the lytic phase, whereas cells expressing ORF50
protein were very rare (<0.1%) in KS cells (table 3). These data
suggest that there might be different systems involved in the
maintenance or replication of viruses between KSHV-infected
lymphoma cells and KS cells. KSHV-positive cells contained
3.38 viral copies/cell in MCD. This number seemed to be lower
than what we expected, given that one-fourth of KSHV-infected
cells expressed ORF50 protein. We could not determine num-
bers of viral copies in MCD, because numbers of viral copies
might vary among cases, and we examined the virus titer in
only one MCD sample. Further studies are definitely required
to determine numbers of viral copies in MCD.

Our double immunohistochemical analysis revealed that flat
endothelial cells of atypical vessels in early KS lesions expressed
both LANA and VEGFR-3. It was difficult to distinguish KS
cells from non-KS endothelial cells strictly in HE-stained sec-
tions of early KS lesions. VEGFR-3 is a useful marker for KS
cells [33]. Our data suggest that a large proportion of extended
endothelial cells in the patch stage of KS and KS spindle cells
were already infected with KSHV. Because lytic protein ex-
pression was also rare during the patch stage, KSHV infected
these cells latently. Thus, KSHV infection may be established
in endothelial cells at a very early stage in KS lesions. We suggest
that this is one of the reasons why numbers of KSHV copies
in patch-stage lesions were similar to those in nodular-stage
lesions of classic KS in real-time PCR results (figure 3).

Computerized-image analysis has been used by several groups
to count cells in immunohistochemically stained sections [35-
37]. Technically, our image analysis method was much easier
than previously reported ones, in that (1) image files did not
need to be captured at high magnification—relatively low mag-
nifications (X40-X100, not X400) are preferred; (2) splitting of
images to red, green, and blue and counting of cells were done
automatically; (3) tracing positive and negative cells could be
easily visually confirmed; (4) it took only a few minutes to analyze
an image; and (5) Image] is freeware. The unique features of the
present study involve the combination of real-time PCR and

computerized-image analysis. Real-time PCR is a powerful tool
for measuring numbers of viral copies quickly and easily. How-
ever, every pathologic sample contains various numbers of nor-
mal cells, and it is impossible to extract DNA strictly from lesions
in pathologic samples. Therefore, when DNA is extracted from
pathologic samples that contain virus-infected cells, extracted
DNA will contain not only DNA from virus-infected cells but
also DNA from uninfected cells. Almost all studies that use real-
time PCR encounter this limitation. Immunohistochemical anal-
ysis and in situ hybridization (ISH) are useful techniques that
allow the localization of virus-infected cells. However, immu-
nohistochemical analysis and ISH are not quantitative. Indeed,
signal intensity does not correlate with copy number of the mol-
ecules or nucleotides, because signal intensity in immunohisto-
chemical analysis and ISH differs among experiments and slides
and depends on the conditions of staining or hybridization, such
as incubation time, washing, temperature, fixation, and buffer.
By combining real-time PCR and computerized-image analysis,
the determination of relatively accurate virus numbers in infected
cells becomes possible. Numbers of viral copies can be measured
using real-time PCR, and numbers of virus-infected cells can be
estimated with computerized-image analysis. Both results are re-
quired to assess numbers of viral copies in a virus-infected cell.
In the present study, we analyzed 1 or a few pictures per slide
using computerized-image analysis. Examination of a whole slide
would be ideal; however, it is difficult to scan a whole slide using
a high-resolution objective lens, but that may be available in the
near future using, for example, a virtual slide system. In conclu-
sion, the combination of real-time PCR and computerized-image
analysis provides a useful tool for the prediction of numbers of
viral copies in virus-associated diseases and of numbers of copies
of certain molecules in a cell.
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A Methionine-Rich Domain Mediates CRM1-Dependent Nuclear
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Borna disease virus (BDV) is a nonsegmented, negative-strand RNA virus that replicates and transcribes in
the nucleus of infected cells. Recently, we have demonstrated that BDV phosphoprotein (P) can modulate its
subcellular localization through binding to the protein X, which is encoded in the overlapping open reading
frame (T. Kobayashi et al., J. Virol. 77:8099-8107, 2003). This observation suggested a unique strategy of
intracellular trafficking of a viral protein that is essential for the formation of a functional BDV ribonucleo-
protein (RNP). However, neither the mechanism nor the consequences of the cytoplasmic retention or nuclear
export of BDV X-P complex have been elucidated. In this study, we show that BDV P contains a bona fide
nuclear export signal (NES) and can actively shuttle between the nucleus and cytoplasm. A transient trans-
fection analysis of cDNA clones that mimic the BDV bicistronic X/P mRNA revealed that the methionine-rich
(MetR) domain of P is responsible for the X-dependent cytoplasmic localization of the protein complex.
Mutational and functional analysis revealed that the methionine residues within the MetR domain are critical
for the activity of the NES of P. Furthermore, leptomycin B or small interfering RNA for inhibition of CRM1
strongly suggested that a CRM1-dependent pathway mediates nuclear export of P. Fluorescence loss in
photobleaching analysis confirmed the nucleocytoplasmic shuttling of P. Moreover, we revealed that the
nuclear export of P is not involved in the inhibition of the polymerase activity by X in the BDV minireplicon
system. Our results may provide a unique strategy for the nucleocytoplasmic transport of viral RNP, which
could be critical for the formation of not only infectious virions in the cytoplasm but also a persistent viral state

in the nucleus.

Riboviruses, whose RNA biosynthetic processes, replication,
and transcription take place in the nucleus of the infected cell,
need to control the directional transport of their genomes
through nuclear pore complexes. Recent studies have revealed
that viral proteins play central roles in the regulation of nucle-
ocytoplasmic trafficking of viral nucleic acids (2, 24). For in-
stance, the nucleocapsid (NP) and nonstructural (NS2/NEP)
proteins of influenza A virus are required for nuclear import
and export, respectively, of the viral ribonucleoprotein (RNP)
complex (16-18). Likewise, the Rev protein of human immu-

nodeficicney virus type 1 mediates the nuclear transport of

unspliced or single-spliced viral transcripts (21). The nucleo-
cytoplasmic transport of viral components is an active and
energy-dependent process mediated by specific nuclear local-
ization and export signals termed NLS and NES, respectively,
which are present within cargo molecules (2, 7). The interac-
tion between NLS or NES with nuclear transport receptors
known as importin and exportin, respectively, regulates the
direction in which cargo molecules are transported (7, 23). The
signal-dependent translocation of cargo molecules most likely
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contributes to the nucleocytoplasmic transport of viral compo-
nents in infected cells, but the detailed mechanisms by which
viruses control the directional transport of their genome-pro-
tein complexes remain poorly understood.

Borna disease virus (BDV) is an enveloped virus with a
nonsegmented, negative-strand RNA genome that has a gene
organization characteristic of mononegaviruses (MNV). How-
ever, based on its unique genetic and biological features, BDV
is considered to be the prototypic member of a new virus
family, Bornaviridae, within the order Mononegavirales (4, 5,
30). BDV is highly neurotropic and noncytopathic, and it ap-
pears to be exquisitely adapted to establish persistent infec-
tions (5, 30). BDV has the property, unique among known
animal MNV, of a nuclear site for the replication and tran-
scription of its genome. Therefore, the nucleocytoplasmic
transport of BDV macromolecules plays a key role in the virus
life cycle.

Recent studies have revealed that several BDV proteins
including the nucleoprotein (N), phosphoprotein (P), and pro-
tein X (also called pl0) contribute to the nucleocytoplasmic
transport of BDV (8, 9, 28, 31, 34). Two isoforms of the BDV
N (p40N and p38N) are found in BDV-infected cells. Whether
p40N and p38N are encoded by two different mRNA species
(22) or the usage of a second in-frame initiation AUG codon
located 13 amino acids (aa) downstream in the BDV N open
reading frame remains unsolved. Basic amino acid- and
leucine-rich motifs present within BDV N have been shown to
function as NLS and NES, respectively (8, 9). The function of
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the NES of N is mediated through the chromosome region
maintenance protein 1 (CRM1)-dependent pathway (9). The
NLS of N has been mapped to the 13 N-terminal amino acid
residues, and therefore the p38N isoform lacks an NLS signal
(8). The significance of the NLS-lacking p3SN has not been
determined. but our previous findings suggest that p38N might
facilitate the nuclear export of the viral RNPs by increasing the
relative number of NESs in the N multimer (9). Moreover, we
showed that P could counteract the nuclear export activity of
p38N (9), which resulted in the nuclear retention of p4ON.
These findings support the involvement of p3SN and P in the
regulation of the trafficking of the viral RNPs in BDV-infected
cells (2, 9).

We have reported that a P-X interaction might also contrib-
ute to the regulation of the nucleocytoplasmic transport of
BDV components (10). BDV P contains a bipartite NLS (28),
and P can directly bind to all other components of the viral
RNP (26, 27). The intracellular localization of P is drastically
influenced by its interaction with X (10). Synthesis of protein X
starts within the same mRNA transcription unit as P, but 49
nucleotides upstream, and it overlaps, in a different frame, with
the 71 N-terminal amino acids of P (3). Notably, P was effi-
ciently retained in the cytoplasm of BDV-infected cells only
when expression of X could be detected in the same cell.
Conversely, expression of X was below detection levels in
BDV-infected cells in which P exhibited predominantly a nu-
clear location. Recently, studies using a BDV minireplicon
system have shown that X has a strong inhibitory effect on
RNA synthesis mediated by the BDV polymerase (19, 25). This
X inhibitory effect has been proposed to operate via X inter-
action with P (20). These results suggest that the control of the
nucleocytoplasmic transport of P may play a key role in not
only the regulation of BDV RNP trafficking but also the activ-
ity of the virus polymerase complex. Therefore, the elucidation
of the mechanisms underlying the regulation of the nucleocy-
toplasmic transport of P can provide important information for
a better understanding of the biology of BDV.

Here, we show that BDV P has nuclear export activity that
is mediated by an NES contained within a methionine-rich
(MetR) domain spanning amino acid residues 145 to 158 of P,
which has been previously shown to be required also for P
oligomerization. We document that P proteins with a mutated
MetR domain accumulate in the nucleus in the presence of X.
Moreover, we present evidence that the methionine (M) resi-
dues within the MetR domain are critical for the nuclear ex-
port activity of P, which operates via the CRM1 pathway. We
also demonstrate that BDV P shuttles between the nucleus and
cytoplasm and that X interaction with P favors the activity of
the NES over the NLS present in P. which leads to a predom-
inant cytoplasmic distribution of the X-P complex. Finally, we
provide data supporting the view that BDV X may modulate
the BDV polymerase activity via direct interaction with the
polymerase complex rather than by altering of the subcellular
distribution of P. Our findings illustrate the complexity of in-
teractions underlying the regulation of the intracellular traf-
ficking of the X-P complex, which may be critical for the
regulation of both the viral polymerase activity and nucleocy-
toplasmic trafficking of BDV RNP.

J. VIROL.

MATERIALS AND METHODS

Cells. The OL cell line, derived from a human oligodendroglioma (1). was
cultured in Dulbecco’s modificd Eagle’s medivm-high glucose (4.5%) supple-
mented with 109% fetal bovine serum, 100 U of penicillin G per ml, 100 pg of
streptomycin per ml, and 4 mM glutamine. The 293T, Hela, and NIH 373 ccll
lines were cultured in Dulbeceo’s madified Eagle's medivm-low glicose (1.04%)
supplemented with 109 fetal bovine scrum.

Plasmid construction. Expression vectors encoding X/P-GFP (pgX/P: GFP is
green fluorescent protein), P (pgP) and FLAG-tagged P (pcPF) have been
previously described (10). Expression vectors pcPHA and pcXHA cncoding
hemagglutinin (HA)-tagged P and X BDV protcins, respectively, were gencrated
by subcloning the P and X open reading frames, respectively, into the EcoRl and
Xhol sites of plasmid pcDNA3 (Invitrogen. San Diego, CA). Plasmids cxpressing
mutant forms of X/P-GFP and P-FLAG were generated from pgX/P and pcPF.,
respectively, using appropriatc PCR procedurcs. To gencrate pgX/PNLS, the
NLS located between aa 18 and 41 of P was PCR amplified and subcloned into
the Notl and Xhol sitcs of pcDNA3 to yicld pcNLS. Finally, a fragment con-
taining X/P-GFP was subcloned into the EcoR I and Notl sites in pcNLS.
Plasmids pCFN-BGal and pCFNrev-BGal were kindly provided by M. Dobbel-
stein (Philipps-Universitit, Germany). Detailed information about the primers
and PCR procedures used to generate these plasmids is available from the
authors. Nucleotide sequences of the recombinant plasmids were confirmed by
DNA sequencing.

Cell transfection and gene expression assays. Cclls were sceded in 60-mm
tissuc culture plates or cight-well chamber slides (Lab-Tek Nunc Inc., Naperville,
111.). After an overnight culture, cells were transfected with Lipofectamine 2000
(Invitrogen). Gene expression in transfected cells was examined 24 to 48 b later
using one. or several. of the fallowing procedures: (i) indircct immunofluores-
cence. (ii) GFP Qluorescence. (iii) immunoprecipitation. and (iv) Western blot-
ting.

Protein pull-down assay. Transfected cells were lysed in NP-40 lysis buffer as
described previously (9). Proteins in the soluble fraction were immunoreacted
for 2 h with an anti-FLAG antibody (Sigma-Aldrich, St. Louis, Mo.) at 4°C, and
the precipitates were then recovered by incubation with protein G agarosc beads
(Santa Cruz Biotechnology, Inc., Santa Cruz, Calif.) for 24 h at 4°C. Aficr a
thorough washing. proteins bound to the agarosc beads were separated by so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by West-
em blotting with an anti-HA antibody (Sigma-Aldrich). The specific reactions
were detected by an ECL Western blotting kit (Amcrsham Pharmacia Biotech,
Uppsala, Sweden).

LMB treatment assay. Leptomycin B (LMB) was kindly provided by M.
Yoshida (The University of Tokyo). At 48 h posttransfection, the medium was
replaced with fresh medium containing LMB (20 ng/ml). The cclls were incu-
bated for 3 h in the presence of LMB. After the LMB treatment, the cells were
fixed, and then the subcellular localization of GFP fusion proteins was visualized
by epifluorescence.

Heterokaryon assay. Nuclcocytoplasmic shuttling of P was cxamincd using a
hetcrokaryon assay. Transfected Hela cells were sceded on cight-well chamber
slides (Lab-Tek Nunc Inc.) together with an equal number of NIH 3T3 cells.
Protcin synthesis was blocked with 50 pg of cycloheximide per ml for 1 h prior
to the fusion. The cells were washed in phosphatc-buffered saline and fuscd by
the addition of 50% (wt/wt) polycthylenc glycol. After 2 min, the cclls werc
washed in phosphate-buffered saline and were incubated in medium containing
cycloheximide (50 pg/ml) for 3 h. After fusion. the cells were fixed and stained
with Hocchst 33258 (Sigma-Aldrich) and anti-B-galactosidasc (8-Gal) (GIBCO/
BRL, Rockville, Md.).

RNA interference. Scquences of small interfering RNA (siRNA) for deplction
of human CRM1 (siCRM1) were described previously (13, 15). Transfection of
OL cells with siCRM1, nonsilencing negative control siRNA (QIAGEN K K.,
Tokyo. Japan), or mock transfection (transfection rcagents only) was performed
in 12-well platcs using Lipofcctamine 2000 (Invitrogen) according to the manu-
facturer’s protocal. Twenty-four hour after siCRMI transfection, pGFP-PR1 or
pgX/Pwt was transfected into the cclls, and the cells were harvested at 48 h
posttransfection and lysed. Then, Western blot analysis was performed using a
rabbit polyclonal anti-CRM1 antibody (Santa Cruz Biotechnology) or a mouse
monoclonal anti-B-actin antibody (Sigma-Aldrich).

FLIP analysis. OL cells transfected with P containing either a wild-type (Pwt)
or mutated NES werc used in fluorescence loss in photobleaching (FLIP) ¢x-
periments with a Digital Eclipsc Spectral Imaging Confocal Laser Microscope
Clsi (Nikon Co., Japan) using the 488-nm lascr linc of an Ar lascr, 2-mW optical
fiber vutput, and detection at 500 10 530 nm. Cells were bleached in a spot with



