PAH BY PHENYLALANINE BREATH TEST

CRR in breath test. As shown in Figure 3, the phenylalanine
breath test exhibited continuous levels of CRR in PAH defi-
ciency from 0 (classical PKU) to 2.74% (mild HPA). These
results are in agreement with various clinical manifestations of
PKU. The CRR (in vivo PAH activity) could distinguish
control subjects (154 * 1.5%; range: 13.79-17.44%); the
heterozygotes (10.3 + 1.0%; 9.00-11.42%); and mild HPA
(2.74%), mild PKU (1.13 % 0.14%; 1.01-1.40%), and classical
PKU (0.29 * 0.14%; 0-0.93%) patients (Fig. 3). We found
consistency between the CRR and clinical phenotype in the
Japanese patients who were tested in this study. Patients with
compound heterozygotes of mild (L52S, R241C, R408Q) and
severe mutations had CRR of 1.0-1.4% and mild PKU phe-
notype, whereas patients with severe mutations for both alleles
had CRR of <0.93% and classical PKU phenotype. In this
study, we did not find inconsistency among clinical phenotype,
CRR, and genotype,

BH, loading increased CRR from 1.13 £ 0.14 to 2.95 =
1.14% (2.6-fold) in all four patients with mild PKU and also
increased it from 2.74 to 7.22% (2.6-fold) in mild HPA pa-
tients. All patients with mild PKU and mild HPA in this study
responded to BH,. Two patients with classical PKU showed no
increase in the CRR after BH, loading. BH,-induced activation
was proportional to residual PAH activity. In PTPS patients 1
and 2, serum phenylalanine was effectively controlled to =0.12
mM after administration of BH, at 3.4 and 6 mg - kg™' -d ™",
respectively, with regular food. The CRR values in these two
patients were 5.88 and 19.0%, respectively.
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Correlation between CRR and phenylalanine levels with-
out dietary treatment. Correlation between CRR and serum
phenylalanine levels without dietary treatment was examined
in 26 patients. Serum phenylalanine levels of four control
subjects, four heterozygotes, and two patients with PTPS de-
ficiency were measured before administration of phenylalanine
in the breath test. Plasma phenylalanine levels of 16 patients
with PAH deficiency were examined before phenylalanine-
restriction therapy. As shown in Figure 4, CRR correlated
inversely with phenylalanine concentration (l1/y = 0.69 +
1.02 x; p < 0.0001). This result indicates that phenylalanine
levels can decrease steeply with a slight increase of CRR (from
0% or near 0% to 1-2%), and the clinical phenotype changes
from classical PKU to mild HPA.

DISCUSSION

In the phenylalanine breath test, the administered '*C-
phenylalanine is absorbed in the intestine and transported to the
liver cells through the portal vein. In the liver, 13c.
phenylalanine is converted to '*C-tyrosine by PAH, then to
homogentisic acid by tyrosine aminotransferase and dioxyge-
nase, and is finally exhaled as '>CO,. Thus, this test not only
simply measures PAH activity but also evaluates the overall
state of phenylalanine metabolism in humans, i.e. phenylala-
nine oxidation capacity. This test is expected to reflect the
clinical phenotype of PKU. The phenylalanine breath test used
in the present study does not require blood sampling or special

PTPS deficiency
patient 1
patient 2

Classical PKU
R413P/R261X
R413PA430P
YT7X/R111X
R413PAVS10nt-14
R413P/R413P
R413P/ND
R413P/R413P
R413PAVS4nt-1
R111X/R243Q
IVS4nt-1/T278|
IVS4nt-1/A202V
R413P/E6nt-96a>g
D415H/T278t

Mild PKU
Dal5&6/L52S
R413P/R241C
Q301H/R241C
R413P/R241C
R252P/R241C
Del5&6/R408Q

Mild HPA

R241C/R241C

Heterozygotes
R413P/-
R111X,-
R111X-
DA1SN/-
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Figure 3. Phenylalanine oxidation capacity in control subjects, heterozygotes, patients with PAH deficiency, and patients with PTPS deficiency. [, CRR (%)
values determined during 120 min after the ingestion of *C-phenylalanine without BH, dosing; ll, CRR (%) values determined during 120 min after the
ingestion of '*C-phenylalanine with BH, dosing. The detected mutations in PAH-deficient patients and heterozygotes are indicated in the left panel. -, no
mutation; ND, not determined.

— 039 —



718

4.0

3.0

2.0

1.0

phenylalanine (mmol/L)

SIS IO AR AN A NN 0 A N A A O A BN

10
CRR (%)

15 20

Figure 4. Correlation between pretreatment phenylalanine levels and CRR in
control subjects, heterozygotes, patients with PAH deficiency, and patients
with PTPS deficiency {(n = 26).

conditions such as high serum phenylalanine levels. The results
are deduced from analysis of the expired gas collected over a
short period of time. Thus, the phenylalanine breath test is
simple and noninvasive and can be repeated several times.

The CRR in phenylalanine breath test showed a continuum
from classical PKU to mild HPA (Fig. 3). This finding is in
agreement with the clinical notion that PKU is a highly heter-
ogeneous disease for the clinical phenotype, which is caused
by the strong heterogeneity of PKU mutations. In fact, 18
different mutations were detected in 20 patients in the present
study. Patients with classical PKU, mild PKU, and mild HPA
had significantly different CRR values of <1%, 1-1.4%, 2.4%,
respectively. Therefore, we can predict the clinical phenotype
from the CRR. Furthermore, CRR can be used to determine
adherence to diet therapy. Concerning the effects of BH, on
PAH, all five patients with mild PKU and mild HPA responded
to BH, loading and showed an increase in CRR, which was
proportional to the residual PAH activity after BH, dosing. In
patients with classical PKU, BH, loading did not increase
CRR. When the CRR is 1% or higher before BH, dosing, the
response to BH, may be expected (Fig. 3). A CRR value of
5.88% in patients with PTPS deficiency indicated <0.12 mM
of serum phenylalanine levels on long-term BH, therapy.
These findings suggest that the cumulative recovery of 5 to 6%
is also sufficient for maintaining serum phenylalanine level
(0.12 mM) in patients with PAH deficiency and that our test
may be potentially useful for determining the optimal dosage
of BH, for long-term medication of BH,-responsive HPA
patients.

The frequency and types of PKU mutations differ greatly
between whites and East Asians (21,24). Mutations associated
with mild phenotype and BH,-responsive PAH deficiency in
East Asians also differ from those in whites. In the present
study, all patients with mild PKU phenotype were compound
heterozygotes with severe and mild mutations, which included
R241C (in vitro PAH activity; 25%) (25), L52S (27%} (22),
and R408Q (55%) (26), as shown in Table 1. Mild HPA was
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R241C homozygote. The patient with R408Q (ir vitro PAH
activity, 55%) and Del 5&6 had higher CRR than four patients
with R241C (in vitro PAH activity, 25%) and severe mutations
(R413P, Q301H, and R252P). The phenylalanine oxidation
capacity, i.e. CRR, determined by our test stands between the
clinical phenotype and the genotype and links them together. In
the present study of Japanese patients, none of the patients
showed any disagreement among clinical phenotype, phenyl-
alanine oxidation capacity, and genotype. It follows that the
genotype determined by both alleles mainly specifies PAH
activity, which in turn specifies the clinical manifestations in
an individual. ‘

However, in East Asians, discordance between BH, respon
siveness and genotype has been reported (12). Two patients
with P407S mutation were described, one as a nonresponder
(P407S/R111X) and the other as a responder (P4075/R252W)
to BH,. This different responsiveness is thought to be due to
another mutation in each patient (R111X: stop codon mutation;
R252W: missense mutation) on PAH protein synthesis. In
whites, inconsistencies associated with BH, responsiveness are
reported concerning Y414C, L48S, 165V, and R261Q muta-
tions, and the BH, responders and nonresponders are present i
individuals with the same mild mutation (17).

The cause for discordance among clinical phenotype includ-
ing BH,-responsive PAH deficiency and genotype is not ye
clear, In addition, the mechanism responsible for the recover
of defective PAH activity after BH, loading remains elusive
Two broad factors determine the effect of BH, on PAH: 1) BH
site: absorption, distribution, and metabolism of crally admin
istered BH,, and 2) PAH site: interaction between BH, an
PAH gene and protein. Concerning BH, site, absorption o
BH, is minimal and unstable and differs greatly from on
individual to another (Suntory Co., personal communication)
The optimal dose and the duration of BH, administration fo
the diagnosis of BH,-responsive PAH deficiency remain un
known. Bernegger et al. (27) pointed out that a single dose o
20 mg/kg of 6R-BH,, the active form, was 5-20 times mo
effective than smaller doses of 6R- BH, or 6R, S-BH, an
induced a response in 70% of patients with mild PAH defi
ciency. With regard to the optimum BH, dose for long-tes
control of patients with BH,-responsive PAH deficiency, fa
vorable blood phenylalanine levels were obtained at a BH
dose of 5-10 mg/kg. It may be necessary to repeat BH, dose
over several days for unstable absorption of BH,. In our stud
using BH, at 10 mg - kg™'-d™! for 3 d, a rise of PAH activit
was noted in all patients with mild PKU and mild HPA.

Concerning PAH site factors, various mutations associate
with BH, responsiveness have been identified, and some mu
tations were outside the catalytic domain or the locus
associated Km variant for BH, of the PAH enzyme. Dire
effects of BH, are suspected. In other words, BHy may u
regulate the expression of the PAH gene, stabilize PA
mRNA, and facilitate and stabilize the formaticn of function
PAH tetramers (16). Figure 4 provided in this study seems t
confirm the proposal put forward by Scriver (28): “gene dosag
effect in PAH deficiency.” Figure 4 may clarify the causes an
the mechanisms of the BH, responsiveness in mild PA
deficiency and the discordance between genotype and clinic’
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phenotype. Mutations that were identified in cases with discor-
dance between genotype and clinical phenotype were basically
related to the mild genotype. Patients with the mild clinical
phenotype exist at the turning point of the correlation curve
shown in Figure 4. This mild phenotype is produced by a small
residual PAH activity, which is specified to the genotype. The
formula suggests that a slight increase of the CRR at the
turning point by certain effectors should greatly reduce blood
phenylalanine level and cause transformation to a mild pheno-
type. In contrast, a slight decrease of the CRR leads to a rise in
blood phenylalanine level and subsequently leads to transfor-
mation to a severe phenotype. Patients with mild mutation
could become milder or more severe by certain effectors of the
PAH enzyme. BH, is advocated as a strong effector to influ-
ence mutations at the turning point.

The phenylalanine breath test is useful for the diagnosis of
BH,-responsive PAH deficiency and determination of the op-
timal dosage of BH, without increasing blood phenylalanine
level. To clarify the discordance between clinical phenotype
including BH, responsiveness and genotype, it is important to
investigate both genotype and phenylalanine oxidation capac-
ity and to further accurnulate such data.
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Abstract: Measles virus is the causative agent of subacute sclerosing panencephalitis (SSPE). The viruses
isolated from brain cells of patients with SSPE (called SSPE viruses) are defective in cell-free virus pro-
duction in vitro. To investigate the cell tropism of three strains of SSPE virus (Osaka-1, Osaka-2, Osaka-3),
SSPE virus-infected cell cultures were treated with cytochalasin D to prepare virus-like particles
(CD-VLPs). All CD-VLPs formed syncytia after infection in CHO cells expressing CD150 but not in those
expressing CD46. In addition, an antibody to CD46 did not block the infection of Vero cells by SSPE CD-
VLPs. The results were consistent with our previous suggestion that one or more unidentified receptors
might be involved in the entry process. Infection with the CD-VLPs from three SSPE strains was further
examined in different human cell lines, including those of neural origin, and was found to induce syncytia
in epithelial cells (HeLa and 293T) as well as neuroblastoma cells (IMR-32 and SK-N-SH) with varying effi-
ciency. SSPE CD-VLPs also infected glioblastoma cells (A172) and astrocytoma cells (U-251) but syncytial
formation was rarely induced. These epithelial and neural cell lines were not permissive for the replication
of wild-type MV. Together with our previous observations, these results suggest that the cell entry recep-
tor is the major factor determining the cell tropism of SSPE viruses. Further studies are necessary to iden-
tify other viral and/or cellular factors that might be involved in the replication of SSPE virus in specific neu-
ral cells and in the brain.

Key words: Measles virus, Syncytium formation, Receptor, Cytochalasin D

Subacute sclerosing panencephalitis (SSPE) is a fatal
degenerative disease caused by persistent infection of the
central nervous system {CNS) with measles virus (MV).
SSPE viruses, variant MVs isolated from the brains of
patients with SSPE, differ biologically and genetically
from MVs isolated from patients with acute measles.
When the nucleotide sequences of the genome of SSPE
virus strains were compared to the consensus sequences
of MV, many mutations were found, particularly in the
entire M gene and in part of the F gene (2, 4, 6, 9-13, 33,
47, 59). We have characterized three strains of SSPE
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virus (designated Osaka-1, Osaka-2, and Osaka-3) (44),
compared them with their possible progenitor MV
strains, and confirmed some essential SSPE-associated
alterations (3, 5, 42, 50). We have also demonstrated the
occurrence of SSPE virus-induced acute encephalopathy
in hamsters and carefully monitored nucleotide sequence
alterations during the course of experiments (29, unpub-
lished observation).

Abbreviations: CD-VLPs, virus-like particles prepared by
treating infected cells with cytochalasin D; CHO, Chinese ham-
ster ovary; CNS, central nervous system; CPEs, cytopathic effects;
DMEM, Dulbecco’s modified Eagle medium; FBS, fetal bovine
serum; IFN, interferon; MV, measles virus; PFU, plague-forming
units; SSPE, subacute s¢lerosing panencephalitis; VSV, vesicular
stomatitis virus.
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SSPE viruses cause neurological disorders in experi-
mental animals (such as hamsters and mice) when inoc-
ulated into the brain. Wild-type MVs as well as vaccine
or laboratory strains do not usually cause neurological
symptoms in genetically unmodified adult hamsters and
mice. The molecular mechanisms underlying neurovir-
ulence are not well understood. The involvement of
host cell surface receptors for MV in neurovirulence is
one of the important factors (48). Two MV receptors
have been identified: CD46 (membrane cofactor pro-
tein for complement) (17, 40) and CD150 (signaling
lymphocyte activation molecule, SLAM) (20, 27, 57).

When compared to MVs isolated from patients with
acute measles, SSPE viruses are little known in many
respects. Kobune et al. (32) reported that susceptibility
of B93a cells (a marmoset B lymphoid cell line trans-
formed by Epstein-Barr virus) to MV in clinical speci-
mens is 10,000 times that of Vero cells. On the other
hand, SSPE viruses have generally been isolated from
cells of non-lymphoid origin, such as Vero (16, 25, 35,
37), BSC-1 (7), and primary human embryonic lung
cells (58). We have tried to isolate our three SSPE
viruses by cocultivation of brain cells from patients with
SSPE with three different cell lines, Vero, B95a, and
primary human embryonic lung cells (44). Although two
of the three SSPE strains could be isolated by coculti-
vation with B95a cells, all strains were most successfully
isolated by cocultivation with Vero cells. Some reports
demonstrate that adaptation to Vero cells is accompanied
by specific amino acid replacements within the H protein
(Asn to Tyr at position 481 or Ser to Gly at position 546)
(28, 46, 52, 60). However, such amino acid replacements
were not found in the H proteins from our SSPE viruses
isolated and passaged repeatedly in Vero cells (22). Our
recent study of the receptor usage of SSPE viruses,
using the vesicular stomatitis virus (VSV) pseudotype
system, revealed that SSPE viruses can use SLAM, but
not CD46, for cell entry (53). Furthermore, the pseudo-
type viruses with SSPE envelope glycoproteins could
enter SLAM-negative cells including Vero and some
neural cells, pointing to the existence of yet another
entry receptor for SSPE viruses on certain cell types
(53). Although it is poorly understood, cell tropism of
MV is not determined solely at the cell entry level.
Many internal cellular factors as well as viral mutations
can affect the replication of MV (48, 49). Takeuchi
and colleagues reported that mutations in the P or M gene
of a Vero cell-isolate of MV (having genes for envelope
glycoproteins identical to a B935a cell-isolate of MV)
allow MV replication in Vero cells (55). Because the
VSV pseudotype system cannot be used to study the
replication of MV after cell entry, we characterized
SSPE virus infection of different cell lines including

those of neural origin by another approach.

Cells infected with SSPE viruses are usually defective
in production of a cell-frec progeny virus. Nevertheless,
cell-free virus-like particles are needed to study their
cell tropism for different cell lines. The freeze-thawing
methed (43) was unacceptable because our strains could
not be reproducibly prepared and the titers were unsat-
isfactory. Preparation by treating infected cells with
cytochalasin D (CD-VLPs) (2) enabled us to infect cell
lines and thereby compare the infectivity differences
between SSPE virus and MV.

Materials and Methods

Cells and viruses. Vero (African green monkey kid-
ney) cells, Vero/SLAM (Vero cells expressing human
SLAM) cells, and HeLa (human uterus cancer) cells
were cultured at 35 C in Dulbecco’s modified Eagle
medium (DMEM) supplemented with 1% fetal bovine
serum (FBS) and 4% newborn calf serum. B95a
(Epstein-Barr virus-transformed marmoset B lympho-
cytes) cells were cultured in RPMI 1640 medium sup-
plemented with 5% FBS. Chinese hamster ovary (CHO)
and CHO cells stably expressing human CD46
(CHO/CD46) (30) or human SLAM (CHO/SLAM) (57)
were grown in RPMI 1640 medium supplemented with
10% FBS. Culture media for CHO/CD46 cells or
CHO/SLAM cells were supplemented with 0.7 mg/ml of
hygromycin B (Wako Pure Chemicals, Osaka, Japan) and
0.5 mg/ml of G418 (Calbiochem-Novabiochem, La Jolla,
Calif., U.S.A.), respectively. In addition, 293T (human
embryonic kidney), IMR-32 and SK-N-SH (human neu-
roblastoma), A172 (human glioblastoma), and U-251
{(human astrocytoma) cells were cultured in DMEM
supplemented with 10% FBS. For cultivation of IMR-32
and SK-N-SH cells, non-essential amino acid solution
(Gibco BRL, Gaithersburg, Md., U.S.A.) was added to a
final concentration of 1%.

A Vero cell-adapted laboratory MV strain (Nagahata,
genotype C1} and a field MV strain (OCU98-1P, geno-
type D3) isolated from peripheral blood lymphocytes of
a patient with acute measles by cocnltivation with B95a
cells, and SSPE virus strains isolated from the brains of
patients with SSPE have been described previously (5,
36, 44). In this study, we used three SSPE viruses
(Osaka-1 F/V, Osaka-2 Fr/V, and Osaka-3 Oc¢/V) isolated
from the brains of three patients. These viruses are sib-
ling viruses that were isolated with different cell lines
(such as Vero or B95a cells) and from different regions of
the brain (such as the frontal or occipital lobe). For
isolation and designation of sibling viruses of each strain
and detailed patient information, refer to (22, 44).

SSPE strains were usually maintained by repeated
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(i.e., 20-30) subcultures of the infected cells without
adding fresh cells after isolation. Biochemical and bio-
logical characteristics of SSPE viruses used in this study,
such as nucleotide sequence of the viral genome, viral
protein synthesis in infected cultures, extent of infectious
cell-free virus production and neurovirulence in hamsters,
were examined at this passage level (29, 42, 50, unpub-
lished observations).

Preparation of infectious cell-free virus-like parti-
cles. To test cell tropism of SSPE strains of MV in dif-
ferent cell lines, it was necessary to obtain infectious cell-
free virus particles. However, SSPE strains are highly
cell-associated and rarely produce a cell-free virus.
Cytochalasin D is known to affect the membrane of
some cell types and to cause projections to form at the
cell surface by a process called *zeiosis” (23). The
knobs with a slender stalk are formed and contain cell
components such as ribosomes normally resident in
endoplasm. When cells infected with SSPE strains are
treated with cytochalasin D, the resulting knobs are
expected to contain viral nucleocapsids and display F and
H glycoproteins on their surface, similar to virus budding
at the cell membrane. It was expected that the knobs
would be mechanically chopped off the surface by vig-
orous pipetting. In practice, SSPE virus was cultured in
a 25-cm’ flask until large syncytia were formed (usually
two or three days after passage) and the culture medivm
was replaced by 2 ml of maintenance medium containing
cytochalasin D (5 pg/ml; Sigma, St. Louis, Mo., U.S.A)).
Cells were incubated at 35 C for 30 min and then pipet-
ted vigorously. The culture medium was collected and
clarified by centrifugation at 1,600X g for 15 min. The
resulting supernatant fluid was stored at —85 C until
use. We have successfully prepared CD-VLPs from
cells infected with any of the three SSPE strains of MV.
The titer of the CD-VLPs was around 10°-10* plaque-
forming units (PFU)/ml on confluent monolayer cul-
tures of cells used for virus isolation. One of the CD-
VLP stocks was filtrated through a 0.45-pm membrane
filter and the titer was determined. The approximate size
of CD-VLPs was estimated from the reduction in titer
after filtration and was compared with that of the MV
(Nagahata strain) particles produced naturally in the
culture fluid.

Electron microscopy. Morphological examination of
CD-VLPs was carried out by electron microscopy as
previously described (31). A drop of the CD-VLP's
stock was placed for 1 min on a 400-mesh collodion-
coated copper grid covered with a carbon film. The
resulting samples were negatively stained with 2% phos-
photungstate (pH 6.4) for 1 min and were examined in a
JEOL transmission electron microscope (JEM-1200EXII)
at 80 kV.
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Virus infection, syncytium formation, and antibody
treatment. Monolayer cultures of various cell lines were
prepared in 24-well tissue culture plates. One milliliter
of culture media containing the MV strains or SSPE
CD-VLPs (50 to 300 PFU/well) was added and then
incubated at 35 C for 3 hr. The cells were washed with
a culture medium to remove cytochalasin D in the stock
solution of CD-VLPs, and the wash solution was then
replaced by a fresh culture medium. Syncytial foci
were counted at 48 hr post-infection for MV and at 72 hr
post-infection for SSPE CD-VLPs using an inverted
microscope.

For the antibody-blocking experiment, 300 pl/well
of culture medium with or without mouse monoclonal
antibodies was added to monolayer cell cultures in 24-
well plates and pre-incubated for 30 min at room tem-
perature. Antibodies (M177 and M160 [51] against
human CD46 {10 pg] or IPO-3 [Kamiya Biomedical,
Seattle, Wash., U.S.A.] against human SLAM [10 or
20 pg]) were used. Then, 700 pl of culture media con-
taining SSPE CD-VLPs (50 to 300 PFU/well) was added
without aspirating the media. Ten micrograms of M177
antibody but not M166 antibody was found to com-
pletely block syncytium formation by the Nagahata
strain of MV.

Indirect immunofluorescence tests, Cells cultured on
coverslips were infected, cultured for three or four days,
rinsed once with phosphate-buffered saline (pH 7.4),
and fixed with acetone. Cells were incubated with a
monoclonal antibody against MV N protein at room
temperature for 30 min and then stained with anti-mouse
IgG rabbit antibody conjugated with FITC for 30 min at
room temperature.

Flow cytometric analysis. Expression of CD46 and
CD150 of various human cell lines was determined by
flow cytometry (FACSCalibur, Becton Dickinson, Tokyo)
after staining with a mouse monoclonal antibody against
CD46 or CD150, followed by rabbit anti-mouse IgG
conjugated with FITC.

Results

Syncytium Formation by SSPE CD-VLPs in Vero Cells
and CHO Cells Expressing CDi50

We previously characterized the cell entry receptors for
SSPE by using VSV pseudotype virus expressing SSPE
envelope glycoproteins (53). To further confirm the
receptor usage by SSPE viruses under conditions similar
to natural virus infection, we prepared virus-like particles
by treating SSPE virus-infected cultures with cytocha-
lasin D and mechanical pipetting. Electron microscop-
ic examination of the CD-VLPs prepared from both
infected and uninfected cells showed numerous spherical
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Fig. 1. Electron micrographs of CD-VLPs prepared from Vero cells infected with Osaka-1 Fi/V {a) or Osaka-2 Fr/V (b) strain. Bars rep-

resent 100 nm.

Table 1. Number of syncytium foci developed in CHO/CDA46,
CHO/SLAM, and Vero cells.

Virus Strain CHO/CD46 CHO/SLAM  Vero
Measles Nagahata” 13 135 109

SSPE Osaka-1 Fri/'v" 0,0 20, 25 460, 477
QOsaka-2 Fir'v"* 0,0 99, 141 58,81
Osaka-3 Oc/V” 0,0 5,4 141,117

“Syncytium foci was counted 48 hr post-infection.
“Syncytium foci was counted 72 hr post-infection.

particles with diameters ranging from 100 to 1,000 nm.
Some of the CD-VLPs from SSPE virus-infected cell cul-
tures contained fine spikes similar to those of the authen-
tic MV virion (Fig. 1). The titer of the CD-VLPs pre-
pared from the Osaka-2 Fr/V strain dropped from
3.0X10" PFU/ml to'4.4X10* PFU/mi (approx. 85%
reduction) after filtration with a 0.45-pm filter mem-
‘brane. The titer of the Nagahata strain of MV decreased
similarly after filtration. This data, together with electron
microscopic observation, suggested that CD-VLPs were
similar in size and surface structure to the MV virion.
We first examined the cytopathogenicity in Vero cells
inoculated with SSPE CD-VLPs and in cells expressing
known MV receptors, CD46 and SLAM. The Nagahata
strain of MV, a laboratory Vero cell-adapted strain, was

used for comparison and induced similar syncytia in
size in Vero, CHO/CD46, CHO/SLAM cells (Table 1).
The three SSPE CD-VLPs failed to induce CPEs in
CHO/CD46 cells but were able to induce CPEs in both
CHOQ/SLAM and Vero cells (Table 1). The number of
syncytia produced in CHO/SLAM cells relative to the
number in Vero cells varied among the infecting strains.
The Nagahata strain induced a few more syncytia in
CHO/SLAM cells than in Vero cells and very few foci in
CHO/CDA46 cells. The Osaka-2 CD-VLPs induced 2 to
3 times more syncytia in CHO/SLLAM cells than in Vero
cells. In contrast, the Osaka-1 CD-VLPs and the Osaka-
3 CD-VLPs induced 20 to 25 times more syncytia in
Vero cells than in CHO/SLAM cells. CHO/SLAM cells
with syncytial CPE were positively stained with anti-MV
N monoclonal antibody, whereas CHO/CDA46 cells had
no syncytial CPE and were negatively stained (data not
shown). Infection of the SSPE CD-VLPs to CHO/SLAM
cells was blocked by a monoclonal antibody against
CD150. On the other hand, infection of the SSPE CD-
VLPs to Vero cells was not blocked by a monoclonal
antibody against CD46 (data not shown). These obser-
vations were consistent with the results of our previous
studies using the VSV pseudotype system (53).
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Table 2. Susceptibility of various cell lines to SSPE virus and measles virus

Cell Tines Expression” of Osaka-1 Fr/V Osaka-2 Fo/V Osaka-3 Oc/V Nagahata OCUYR-1P

CD46 CDI50 Syncytium” FA? Syncytium FA Syncytium FA  Syncytium FA Syncytium FA

Vero + - + + + + + + + + - +°
B95a +4 + + + + + + + + + + +
CHO - - - - - - - - — - - _
HeLa + - + + + + + + + + - -
293T + - + + + + + + + + - -
IMR-32  + - + + + + + + + + - _
SK-N-SH + - + + + + + + + + - -
Al72 + - + + - + _ +9 + + _ _
U-251 + - — + - + — + + + _ _

2 Expression of CD46 and CD150 (+, positive; —, negative) was examined by flow cytometry.

»Syncytium formation (+, positive; —, negative) was observed under the inverted microscope.

“MV N protein expression (+, positive; =, negative) was detected by the immunofluorescent staining.

21B95a cell has a CD46 homologue that cannot be used as a receptor by most MV because of the lack of SCR-1 domain (26, 39).
“Small syncytia were observed by the immunofluorescent staining.

Infection of Different Human Cell Lines with CD-VLPs
Prepared from the Three SSPE Virus Strains

The system used here was applied to various human
cell lines in order to determine other factors that may
affect cell tropism, First, we rechecked the surface
expression of CD46 and CD150 on these cell lines by
flow cytometry (Table 2). Only B95a cells expressed
CD150. In contrast, all cell lines except CHO cells
expressed CD46. The CD-VLPs prepared from each of
the three strains of SSPE virus-infected Vero cells were
inoculated onto monolayer cultures of neural cell lines
such as IMR-32, SK-N-SH, A172, and U-251, as well as
onto monolayer cultures of Vero, B95a, CHO, HeLa, and
293T. As summarized in Table 2, all the SSPE CD-
VLPs induced syncytial foci in most of the cell lines
examined. Vero and B95a cells developed numerous
large syncytia due to infection with the SSPE CD-VLPs
(Fig. 2, aand b). The number of syncytial foci in HeLa,
293T, IMR-32, and SK-N-SH was less than 5% of that
formed in Vero cells. In addition, the size of each syn-
cytium in HeLa and 293T cells was much smaller than
that of syncytia formed in Vero and B95a cells (Fig. 2, ¢
and d). Syncytia formed in IMR-32 and SK-N-SH were
similar in size to those formed in Vero cells (Fig. 2, e and
f). Although infection of U-251 cells with the SSPE CD-
VLPs was not obvious when judged by syncytium for-
mation, clusters of infected single cells without cell
fusion were demonstrated early in infection by immuno-
fluorescent staining (Fig. 2, g). Al72cells showed dif-
ferent susceptibility to each of the SSPE CD-VLPs (Fig.
3). The CD-VLPs from the Osaka-1 Fr/V strain induced
syncytial foci similar in size to those formed in Vero
cells. The CD-VLPs from the Osaka-2 Fr/V strain did
not induce syncytia but infection at the single cell level
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was demonstrated by immunofluorescent staining (Fig. 3,
b and e). - Though processes connected neighboring MV
N protein-positive cells within clusters, cell margins
could be clearly distinguished. The CD-VLPs from the
Osaka-3 Oc/V induced microfusion that was observ-
able by immunofluorescent staining (Fig. 3, and f). As
predicted by the receptor usage of the strain, the Vero
cell-adapted Nagahata strain induced syncytia in all the
cell lines except CHO (Table 2). In contrast, an MV field
isolate, the OCU98-1P strain, infected the panel of cell
lines to only a very limited extent. Vero cells {though
infected with the OCU98-1P strain) lacked CPEs such as
syncytium formation and cell rounding. Neither the
human epithelial (HeLa and 293T) nor human neural
(IMR-32, SK-N-SH, A172, and U-251) cell lines were
infected with the QCU98-1P strain.

Discussion

Because most genes of SSPE viruses, especially the M
and F genes, are highly mutated and cell-free virus pro-
duction is impaired, SSPE virus must be rescued from
infected brain cells by cocultivation with cells permissive
for MV replication. Though epithelial cell lines (such as
Vero cells) have been used for virus isolation, viruses
have rarely been isolated. Identification of the biological
properties of SSPE viruses (such as cell tropism) will be
useful for understanding the molecular mechanisms of
persistent infection of the CNS with MV. Cellular tro-
pism of MV is broad, and factors determining it could lie
at various stages of the MV life cycle. Little is known
about the cell tropism of the SSPE virus. Cellular recep-
tors are important determinants of viral tropism. We
employed the VSV pseudotype system 1o identify the
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Fig. 2. Cells infected with CD-VLPs prepared from Osaka-2 Fr/V virus-infected Vero cells were evaluated by immunofluorescent stain-
ing with monoclonal anti-N antibody. Vero (a), B95a (b), Hela (<), 263T (d), IMR-32 (e), SK-N-SH (f), and U-251 (g), cells were fixed
and stained three or four days after infection. Magnifications are X63 for (a) to (f), X130 for {g).
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Fig. 3. A172 cells infected with CD-VL.Ps prepared from Vero cells infected with Osaka-1 Fr/V (a, d), Osaka-2 Fr/V (b, ¢), and Osaka-
3 Oc¢/V (c, f) strains. N protein expression was examined by indirect immunofluorescent staining (d-f).

receptors used by SSPE viruses for cell entry and our
results suggested entry via some previously unidenti-
fied molecule(s) on Vero, B95a, human B-lymphocytes,
and some human cell lines of neural origin (33). To
obtain more information about the cell tropism of SSPE
virus, artificial virus-like particles obtained from celis
infected with three strains of SSPE virus were tested
for their ability to infect various human cell lines includ-
ing cell lines of neural origin. We found that CD-VLPs
from SSPE virus-infected cells were similar morpho-
logically and could be used like ordinary MV particles to
infect cells.

We first confirmed our previous observation that SSPE
virus could use SLAM but not CD46 as a cell entry
receptor (53). Antibody blocking experiments indicated
the existence of previously unidentified receptors on
Vero cells, as did our experiments that used VSV pseudo-
type virus displaying SSPE envelope glycoproteins (53).
Receptor molecule(s) other than CD46 and CD150 for
MYV entry have recently been suggested by other inves-
tigators (1, 24, 56). It is unknown whether the molecule
used for entry into Vero and Jarkat cells (24), human vas-
cular endothelial cells (1), and human primary small
airway epithelial cells (56) is unique to each cell line and
can be used by different MV strains. If the unidentified
molecule(s) for MV entry are closely related to each
other, the motecule(s) must be ubiquitously distributed
among various cell types and different host species.
Notably, the three SSPE strains used in this study have
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strong neurovirulence in 3-week-old hamsters, and this
can be demonstrated by intracerebral inoculation of just
a small amount of their CD-VLPs (29, unpublished
observations). In contrast, the results of Niewiesk et
al. (41) in transgenic rats show that CD46 expression
cannot overcome the intracellular block of MV Edmon-
ston strain replication, supporting the requirement of
nonentry-supporting internal cellular factors for MV
replication. One such factor might be IFN, and in fact,
o/p IFN receptor-knockout mice have been reported to
be susceptible to Edmonston MV infection (38).

The ability to induce syncytia in glial cells such as
A172 cells was different among SSPE virus strains.
Syncytial formation was induced by the Osaka-1 CD-
VLPs, and less efficiently by the Osaka-3 CD-VLPs,
but not by the Osaka-2 CD-VLPs. It should be noted that
the Osaka-1 and the Osaka-3 CD-VLPs induced more
syncytia in Vero cells, indicating that the Osaka-1 and the
Osaka-3 strains can use more efficiently an as yet uniden-
tified receptor for syncytium formation. Binding affini-
ty between the SSPE H glycoprotein and the receptor
molecule may have some relation to the ability to induce
syncytium in A172 cells. Alternatively, other viral pro-
teins (F, M or P protein) may have been involved in
this failure to induce syncytium by the Osaka-2 CD-
VLPs. The infection of A172 as well as U-251 cells with
the SSPE CD-VLPs at the single cell level and the failure
to form syncytia is unusual for MV infection in vitro. We
have observed a similar phenomenon (failure to form
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large syncytia) in Vero cells infected with the Masusako
strain, and Kouomou and Wild reported a similar finding
(34). MV infection in human astrocytoma cells was
described previously by Duprex et al. (18, 19). By
means of an Edmonston-based recombinant virus con-
struct that encoded green fluorescent protein, they showed
that cell-to-cell spread took place through the cells’
processes during early infection of GCCM cells (18)
and that syncytia formed extensively in GCCM and U-
251 cells (19). Although they did not consider the role of
the cell receptor in the infection process, CD46 is likely
to be involved in this process. OQur CD46-using Nagahata
strain could also infect and induce syncytia in A172
and U-251 cells. Therefore, it is possible that the failure
of the SSPE CD-VLPs to induce syncytia in these cell
lines is not due to a defect in the internal cellular factors
of these lines, but rather, to the inability of the cellular
receptor to interact with the envelope proteins of the
SSPE virus. Alternatively, reduced replication efficien-
cy might have resulted in the failure to produce viral pro-
teins needed to induce cell fusion. Persistent infection of
these A172 cells by the Osaka-2 Fr/V strain was demon-
strated after 10 days by the appearance of syncytial foci
in cocultures of the infected A172 and Vero/SLAM cells
(unpublished data). The titer, however, decreased grad-
ually with time, indicating the unsuitability of A172
cells for efficient growth of SSPE virus. We did not
detect IFNs in the culture media of the infected A172 and
U-251 cells, and anti-IFN antibodies did not affect infec-
tion (unpublished data). Therefore, other internal host
factors might have been involved in the inefficient viral
replication. The failure to activate NF-xB, type I IFN,
and MHC class I in neuroblastoma cells (14, 15, 21) may
account for the more efficient growth of SSPE virus in
neuroblastoma than in glial cells. Further studies are
needed to understand the viral and/or host cellular factors
that are responsible for the strain differences in SSPE
viral replication in neural cells. When the amino acid
sequences of the two MV strains, IC-B and IC-V, isolated
with B95a and Vero cells, respectively, were compared,
H and F proteins were identical, but there were a few
amino acid differences in the P, M, and accessory V
and C proteins (54, 55). We have compared the amino
acid sequence of viral proteins and the neurovirulence in
hamsters of two Osaka-2 sibling viruses (5, 22, 29).
The Vero-isolate Fr/V of the Osaka-2 strain used in this
study and the B95a-isolate Fi/B of the same strain both
encode an H protein of the same amino acid sequence.
The F protein of the Fr/B sibling virus had only two addi-
tional changes in its amino acid sequence compared
with that of the Fr/V sibling virus. Our preliminary
results showed that the Osaka-2 Fi/B sibling virus did not
infect IMR-32, A172, and U-251 cells. This suggests

that factors other than the entry receptor are active dur-
ing Osaka-2 SSPE virus replication in neural cells. MV
recombinants containing single or a combination of
mutations identified from the sequence analysis of SSPE
strains will provide clear evidence that virus infection of
neural cells involves viral factors. Some mutations
found in SSPE viruses may contribute to the neuroviru-
lence and persistence of infection in the brain. This is
supported by the fact that a recombinant MV containing
the matrix gene of the Biken strain of SSPE virus repli-
cated slowly in the brain of transgenic mice (45). Brains
infected with recombinant MV containing F proteins
having cytoplasmic tails (similar to the tails of F proteins
of SSPE viruses) also manifested modified virus repli-
cation in the same transgenic mouse model (8). These
alterations might promote virus spread and survival in the
brain. Further studies to identify internal host factor(s)
responsible for SSPE viral cell tropism and to identify
novel molecule(s) associated with SSPE virus entry into
cells are needed, thereby providing new insights into
the molecular mechanism of SSPE pathogenesis.
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Table 1 Effective Cases

. . Blood
Maintenance | Duration of .
Patients Diagnosis dose Lid therapy ?zgf’igr Set:;;ge Aed&r: Crtsse Prognosis
(mg/kg/hr) (days) (ug/mD)
HIE Symptomatic
Intraventricular partial epilepsy
M.O. hemorrhage 8 4 33 GT None Developmental
delay
YS. |HIE 3 3 35 GT None Good
HIE
FE, |Extremely low 3 3 — GT None Died
_birth
weight :
Bacterial Developmental
meningitis delay
KN {group B 2 2 55 GT None
streptococcal)
HIE Symptomatic
RS. | Very low birth 4 0125 - FC Bradycardia | partial epilepsy
weight

HIE : hypoxic ischemic encephalopathy, GT : generalized tonic seizures, FC ! focal clonic seizures, *24hrs after

Lid administration
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Table 2 Non Effective Cases

. Finally
. . . Seizure -Adverse . :
Patients Diagnosis Type Effects Eﬁlgecnve Prognosis
rugs
Intraventricular .

YN. hemorrhage GT None Pentobarbital DM
Intraventricular Symptomatic
hemorrhage N partial epilepsy.

YW Very low birth FC None Zonisamide DM
weight
Lissencephaly Symptomatic

SR. | Chromosome GT None Pentobarbital | generalized
adnormality epilepsy, DM
Lissencephaly Symptomatic

ES. GT None Pentobarbital | partial epilepsy,

DM

HIE : hypoxic ischemic encephalopathy, GT : generalized tonic seizures, FC | focal clonic

seizures, DM © developmental delay
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