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The lactoside with PEG-fluorous tag was introduced to BHK-21(C-13) cells to generate a GM3-type oligo-
saccharide (Siao2-3Galp1-4Glc). The GM3-type oligosaccharide obtained was easily immobilized by spot-
ting onto commercially available polytetrafluoroethylene (PTFE) filter through non-covalent fluorous
affinity and simply assessed by dot blot method using the interaction of carbohydrate- with proteins
which recognize sialic acid such as virus membrane proteins.

© 2011 Elsevier Ltd. All rights reserved.

Since the Curran group introduced the fluorous tag method, it
has been widely employed to facilitate the separation of the prod-
ucts by fluorous solid-phase extraction (SPE), reverse fluorous SPE
or liquid-liquid extraction.! Recently, different strategies using the
fluorous tag was developed for application to carbohydrate and
small molecule microarrays.? In these methods, the highly spe-
cific fluorous affinity interaction arises between the fluorous
tagged compound and the fluoroalkyl modified glass surface. This
fluorous affinity interaction differs from covalent binding interac-
tion. The compounds for covalent immobilization require a chem-
ically active group.* On the other hand, the compounds for the
non-covalent fluorous immobilization do not require a specific ac-
tive group, but a chemically inert fluorous tag that could facilitate
separation and minimize the synthetic process by eliminating the
protection step. However, a key issue for various immobilizations
is production of the complex substrates. Recently, we reported
the saccharide primer method using mouse melanoma B16 cells
and lactoside or GIcNAc primer with fluorous tag.” It is known that
the saccharide primer method using animal cells is simple and in-
volves regio- and stereospecific glycosylation.® Using mouse mela-
noma B16 cells, a GM3-type oligosaccharide (Sian2-3Galp1-4Glc),
which is capable of binding to highly pathogenic avian influenza
viruses, was produced as a major product.” In the saccharide

* Corresponding author.
E-mail address: mmizuno@noguchi.or.jp (M. Mizuno).

0960-894X/$ - see front matter © 2011 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmcl.2011.11.057

primer method, the fluorous tag does not inhibit regio- and ste-
reo-specific glycosylation. Herein, we describe the immobilization
of fluorous-tagged GM3-type oligosaccharide, obtained from ani-
mal cells, on commercially available polytetrafluoroethylene
(PTFE) filter in order to develop a virus capture filter. This filter
was used to screen the interaction between complex carbohy-
drates and either lectins or influenza virus.

In pursuit of the suitable molecular design for immobilization
on the PTFE filter, we have synthesized lactose derivatives with
various fluorous tags and assessed using the lactose-ECA (Erythrina
cristagalli agglutinin) lectin interaction. Lactose derivatives, which
were prepared from lactosyl imidate and corresponding alcohol,
have different lengths of PEG-chain, as spacer, and a fluorous tag
(CsF17) to enable the site specific immobilization of the compounds
onto PTFE filter.? These compounds arrayed on the PTFE filter. The
filters were dried, blocked by BSA, and then incubated with biotin-
labeled ECA lectin. After washing with PBS buffer, the blots were
incubated with avidin-labeled HRP. Then, the membranes were
washed with PBS buffer, and ECL was detected. Positive interac-
tions between lactose derivatives with PEG-chain as a spacer
(Lac-PEG5-F 1 and Lac-PEG2-F 2) and ECA were revealed (Fig. 1).
In contrast, the lactose derivative without PEG-chain (Lac-F 3) or
the simple alcohol compound (HO-PEG2-F 4) did not show
carbohydrate-protein binding. Consequently, we found that the
lactose derivative requires a spacer for the non-covalent carbohy-
drate immobilization on PTFE filter. Moreover, to confirm the
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Figure 1. Detection and assessment of the

carbohydrate-binding specificity, ECA was incubated along with
lactose or mannose as an competitor. Results showed that only lac-
tose played a role as a competitor, indicating the carbohydrate-
binding specificity of ECA.

To compare between PEG chain and alkyl chain as a spacer, we
designed the oligosaccharides containing spacers with the similar
total atom contents (Fig. 2). Detection of the lactose-ECA interac-
tion indicated that ECA bound to the lactose derivative with PEG-
chain (Lac-PEG2-F 2) selectively. In contrast, the interaction of
the alkyl chain (Lac-C10-F 5) with ECA was negative. These results
showed that a PEG-chain spacer was more suitable than an alkyl
chain for the immobilization on the PTFE filter. The chemical nat-
ure of the spacer accounts for this difference. Since the PTFE filter
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carbohydrate-lectin interaction on a PTFE filter.

repelled water, thus the ECA lectin in PBS buffer could not come
near the PTFE filter. The highly hydrophilic nature of the PEG-chain
helped lactose binding to the lectin in PBS buffer. On the other
hand, the hydrophobicity of the alkyl chain avoided water. Thus,
it is quite likely that the lactose with an alkyl chain on the PTFE fil-
ter did not bind to ECA lectin.

Based on these results, we carried out the immobilization of
bio-active oligosaccharide on the PTFE filter. Lactoside primers
with PEG5 and PEG2 (Lac-PEG5-F 1 and Lac-PEG2-F 2, respectively)
were introduced to mouse melanoma B16 cells (Scheme 1). The
HPTLC results indicated that both PEG-fluorous primers were sialy-
lated (Fig. 3). Moreover, the results showed that the lactoside pri-
mer with PEG2 was a more effective primer than that with a PEG5

HO
. v oH_ on
2 HO oﬁ/
. OH  Ho o O™ OGP 17
2

Lac-PEG2-F

Fy7

Lac-C10-F

Il HO~ O~ CsFr
4 HO-PEG2-F

Figure 2. Comparison between PEG chain and alkyl chain as a spacer.
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Scheme 1. Synthesis of GM3-type oligosaccharide using lactose primer and animal cells.

Lac-F(3

LacPEG2-F(2) LacPEGS5-F (1

<«—— endogenous GM3

sialylated primer

Figure 3. To verify, B16 cells (2 x 105 100 mm dish) were incubated for 48 h in the
presence of 50 uM of Lac-PEG5-F (1), Lac-PEG2-F (2), Lac-F (3) primer (7 mL) in
serum free 1:1 DMEM-F12 supplemented with transferrin and insulin. The culture
media were collected and the lipids were extracted by Sep-Pak (C-18).

for sialylation. Recently, it was found that sialylation of normal
alkyl saccharide primer was more efficient in BHK-21(C-13) cells
than B-16 cells.” Hence, the primer was administered to
BHK-21(C-13) cells. The lactoside primer was sialyated by BHK-
21(C-13) cells to afford a GM3-type oligosaccharide as a major
product. When administered to mouse melanoma B16 cells, we
failed to isolate the sialylated products by fluorous silica gel. In
spite of the presence of the fluorous tag, the compound eluted
along with the non-fluorous compounds (elution 30% MeOH aq)
because of the high polarity of the GM3-type oligosaccharide 6.
Therefore, purification was carried out as follows: (i) loading of cell
culture medium on HP-20, (ii) washing with water, (iii) washing
with 30% MeOH agq, (iv) elution with MeOH, (v) removal of MeOH,
(vi) direct isolation by flash chromatography on silica gel.

The obtained GM3-type oligosaccharide 6 was immobilized on
PTEE filter and the carbohydrate-lectin interaction was assayed.
In this case, the compounds were easily arrayed onto the PTFE filter
and then assayed using biotin labeled MAM (Maackia amurensis)
and ECA lectin (Fig. 4). The obtained GM3-type oligosaccharide 6
selectively bound to MAM lectin. On the other hand, ECA bound
to lactose derivative selectively. The result suggested that not only

HO _oH
I I 1 I 0 OHO
Ho O&o
MAM o o itk 2 OH MOV\CBF17
; Lac-PEG2-F
ECA | » ¢ oH
g NS
T
oH MO OH OMONCBFW
GM3-type oligosaccharide
1]

HO\/\O/\/O\/\/CSFW

HO-PEG2-F

Figure 4. Screening of carbohydrate-lectin interaction by dot-blot.
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Figure 5. Detection and assessment of the interaction between carbohydrate derivatives and influenza A virus (strain Alduck/Pennsylvania/10218/84).

normal carbohydrate but also highly polar compounds such as the
trisaccharide containing a sialic acid could be immobilized by non-
covalent fluorous interaction on PTFE filter.

In addition, it was known that GM3-type oligosaccharide con-
taining the 02,3 linkage to galactose binds to the hemagglutinin
from avian isolates.” The satisfactory result for the assay between
the obtained GM3-type oligosaccharide 6 and H5 influenza A virus
hemagglutinin protein instead of lectin was obtained.'

Finally, the GM3-type oligosaccharide-influenza virus interac-
tion was assayed. GM3-type oligosaccharide 6 arrayed on PTFE fil-
ter was assessed using Influenza A virus (strain A/duck/
Pennsylvania/10218/84) as described above (Fig. 5). The influenza
virus interacted selectively with the GM3-type oligosaccharide 6 in
a dose-dependent manner. This satisfactory result suggested that
the carbohydrate-binding specificity could be used for the detec-
tion of influenza virus.

In conclusion, carbohydrates with PEG-fluorous tag could be
immobilized onto PTFE filter by spotting. The complex carbohy-
drate was easily prepared by using lactose primer with PEG-fluor-
ous tag and BHK-21(C-13) cells and isolated by flash
chromatography on silica gel. We confirmed that a PEG chain
was better than an alkyl chain for the immobilization of saccha-
rides on the PTFE filter. Significantly, the immobilization of a highly
polar sialic acid-modified trisaccharide on the PTFE filter was
achieved, and the interaction between carbohydrate and -proteins,
which recognize sialic acid such as influenza virus hemmaggluti-
nin, could be easily assessed.
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ARTICLE INFO ABSTRACT

Background: Influenza A virus (IAV) infection is nowadays a major public health concern, in particular since
the 2009 H1N1 flu pandemic. The outbreak of IAV strains resistant to currently available drugs, such as osel-
tamivir or zanamivir targeting the neuraminidase, is a real threat for humans as well as for animals. Thus the
development of anti-IAV drugs with a novel action mechanism may be an urgent theme.

Methods: We performed a docking simulation targeting the interface of PA interacting with PB1 using a drug
database including ~4000 compounds. We then conducted cell viability assay and plaque assay using IAV/
WSN/33. Finally we examined their anti-IAV mechanism by surface plasmon resonance and IAV replicon
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HIN1 Results: We found that benzbromarone, diclazuril, and trenbolone acetate had strong anti-IAV activities. We
RNA polymerase confirmed that benzbromarone and diclazuril bound with PA subunit, and decreased the transcriptional ac-
PA tivity of the viral RNA polymerase.

Surface plasmon resonance Conclusions: Benzbromarone and diclazuril had strong anti-IAV activities with novel action mechanism, i.e.
inhibition of viral RNA polymerase.
General significance: Since benzbromarone and diclazuril are already used in public as medicines, these could

be the candidates for alternatives in case of an outbreak of IAV which is resistant to pre-existing anti-IAV

drugs.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Influenza A virus (IAV) infection is nowadays a major public
health concern, in particular since the 2009 H1N1 flu pandemic [1].
The outbreak of strains resistant to currently available drugs, such
as oseltamivir and/or zanamivir which inhibit neuraminidase activity
on the viral surface, is a real threat for humans as well as for animals
[2-4]. Thus, the development of anti-IAV drugs with a novel action
mechanism targeting proteins other than neuraminidase may be an
urgent theme [5]. Several reports were already published on the
discoveries of such novel anti-IAV compounds [6-8]. However, in
general, it will take many years for new compounds to be examined
for regulatory affairs, quality assurance and GMP/GLP/GCP compli-
ance, and approved as drugs by governmental regulatory agencies.
To meet these conflicting demands, i.e., novel mechanisms (targets)
and needs for urgent usage as drugs, here we tried to discover

* Corresponding author at: United Graduate School of Drug Discovery and Medical
Information Sciences, Gifu University, 1-1Yanagido, Gifu 501-1193, Japan. Tel.: +81
58 230 6143; fax: +81 58 230 6144.
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0304-4165/% - see front matter © 2011 Elsevier B.V. All rights reserved.
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compounds with anti-IAV activities among medicines which were
already approved for the treatment of other diseases.

We targeted the interface of PA interacting with the N-terminal
region of PB1 [9], both of which are subunits of the RNA polymerase
in [AV, because its amino acid sequence was proven to be well-
conserved among strains [9] and in particular, PA-binding domain
of the polymerase subunit PB1 is highly conserved [10,11], which is
crucial because our drugs somewhat mimic PA-binding domain of
PB1. Practically, it is also important that the three-dimensional struc-
ture of PA subunit was already elucidated (PDB ID: 2ZNL) [9].

For in silico screening, we employed a software, ICM [12] and a
drug database. Initially, we extracted 40 compounds based on the
docking energy and the binding modes that were calculated by the
ICM software [12]. At the current stage, the hit rate of in silico screen-
ing is known to be 2%-3% [13,14] and is usually more than ten times
higher than that of random screening [15,16]. Therefore if we select
30-50 compounds, we may have a chance to find out at least one
compound with anti-IAV activity among medicines.

We then examined the anti-IAV activities of the compounds using
the WST-8 and the plaque assay against IAV A/WSN/33 (HIN1). We
ultimately examined whether compounds chosen after a final round
of selection possessed a binding affinity to PA subunit as well as an
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inhibitory effect on viral RNA polymerase activities using 293T cells
transfected with expression plasmids for viral RNA polymerase pro-
teins and nucleoprotein (NP) required for the viral replicon assay
[9,17]. We also discuss the practical usage of the newly discovered
compounds and also their possible side effects.

2. Materials and methods
2.1. In silico screening

For docking simulation, we used the ICM simulation software [18].
PA structure was extracted from crystal structure of PA-PB1 complex
from influenza virus RNA polymerase (PDB ID: 2ZNL) [9]. We used a
database, Drug Database (GVK Bioscience, India) containing 4062
drugs which are currently used in public.

2.2. Compounds

Piroxicam (Wako Pure Chemicals, Osaka, Japan), rofecoxib (Kem-
protec Limited, Middlesbrough, UK), tyropanoate sodium (Kemprotec),
benzbromarone (Kemprotec), diclazuril (LKT Laboratories, Inc.,
Minnesota, USA), levothyroxine sodium (United States Pharmaco-
peia, Maryland, USA), trenbolone acetate (Wako), and ribavirin
(Duchefa Biochemie, Haarlem, the Netherlands) were purchased
and dissolved in DMSO at a concentration of 10 uM. In ex vivo ex-
periments, the compounds were serially diluted with the experi-
mental media.

2.3. Recombinant influenza PA subunit (239-716)

The recombinant protein PA subunit (239-716) from influenza
A/Puerto Rico/8/1934 HIN1 [9] was a kind gift from Professor
Sam-Yong Park at Yokohama City University.

2.4. Cells and viruses

Madin-Darby canine kidney cells (MDCK cells) were provided by
Professor Hideto Fukushi, United Graduated School of Veterinary
Sciences, Gifu University. MDCK cells were maintained in minimal es-
sential medium (MEMa) (Wako) supplemented with 10% fetal bovine
serum, penicillin (60 U/ml), and streptomycin (60 ug/ml) (Gibco) at
37 °C in an atmosphere of 5% CO,. The influenza A virus strain A/WSN/
33 (H1N1) was provided by Professor Yoshihiro Kawaoka, the Institute
of Medical Science, the University of Tokyo.

2.5. WST-8 assay

We examined the anti-IAV activities of the compounds using the
WST-8 assay and the influenza virus A/WSN/33. MDCK cells
(2x 105 cells/well) were seeded in a 96-well plate and pre-cultured
for 24 h. Cells were washed with serum-free MEMa, and infected
with the A/WSN/33 virus (300 PFU) in MEMa supplemented with
1 mg/ml bovine serum albumin (Sigma) and 6 pg/ml trypsin (Difco)
in the presence of each compound. At 48 h after infection, cells
were washed and cell viability was measured using the Cell Counting
Kit-8 (Dojindo, Japan). DMSO was used as a control and ribavirin as a
positive control.

2.6. Plaque assay

A monolayer of MDCK cells in a 6-well plate was washed with serum-
free MEMa, and the influenza virus was adsorbed onto the cells for 1 h.
The cells were washed and overlaid with MEM 2 x (Gibco) supplemen-
ted with 1 mg/ml BSA, 6 pg/ml trypsin, non-essential amino acids solu-
tion (Gibco) and 1% low-melting-temperature agarose, INA-Agar BA-30
(Funakoshi, Japan). Plaques were counted after 2 days of incubation.

2.7. Surface plasmon resonance (SPR) measurements

Interactions between the influenza PA subunit (239-716) and
the compounds were analyzed using the BlAcore T200 system
(GE Healthcare, Buckinghamshire, UK). PA subunit (239-716) was
immobilized on a sensor chip (CM5) using an amine coupling kit (GE
Healthcare, Buckinghamshire, UK). Various concentrations of com-
pounds were injected into a running buffer (0.01 M HEPES pH7.4 con-
taining 0.15 M NaCl, 0.1% surfactant P20, and 5% dimethyl sulfoxide
(DMSO0)) for 2 min at a flow rate of 30 pl/min at 10 °C. Then the running
buffer without compounds was injected for 20 min at the same flow
rate. Data were corrected using a blank sensor chip as a control. The dis-
sociation constant (Kp) was calculated from the analyte (compound)
concentration dependence of the sensorgram responses at equilibrium.

For curve fitting, we assumed the 1:1 binding model: Kp=C
(Rmax —R) /R, where Kp, C, R and Rmax are dissociation constant,
compound concentration, SPR response (r.u.; response unit) at the
given compound concentration, and the maximum SPR response.
Rmax is expected to be smaller than the theoretical maximum SPR re-
sponse estimated from the response of immobilization, which was
12,782 r.u. for PA subunit.

2.8. Transcription assay

Human embryo kidney 293T cells (2x 107 cells/well) were cul-
tured in a 12-well plate and transfected with the viral protein expres-
sion plasmids pcDNA-PA, pcDNA-PB1, pcDNA-PB2, and pCAGGS-NP,
and the model viral gene expression plasmid pHH21-vNS-Luc using
GeneJuice® (Novagene). We also transfected the Renilla luciferase
expression plasmid pp-Ruc GFP to be used as a control of transfection
efficiency; this plasmid was transcribed by the cellular RNA polymer-
ase II (Pol I1). At 8 hours after transfection, the compounds serially di-
luted in DMSO (5 pM, 15 pM, 50 pM) were added. The cell lysates
were harvested after 10 h of incubation and subjected to a luciferase
assay [19] with the luciferase assay system (Promega). We measured
the transcriptional activity of the influenza virus RNA polymerase by
firefly luciferase activity and pp-Ruc GFP by Renilla luciferase activity.
The amount of proteins in all samples used for the luciferase assay
was measured by the Bradford method [7].

3. Results
3.1. In silico docking simulation

We performed a docking simulation, targeting the binding site of
PA with PB1 (PDB ID: 2ZNL) [9], using the program ICM and the
Drug Database. According to the docking score, representing the
free energy of binding and the visual confirmation of the docking
modes, we initially selected 40 compounds which can be purchased
from vendors. In Fig. 1, chemical structures, binding energies, and
binding modes are depicted for three representative compounds,
(A) benzbromarone, (B) diclazuril, and (C) trenbolone acetate. Their
binding scores, representing the binding free energies, were
—25.46, —25.93 and —26.12, respectively. These compounds are
well-placed in the pocket constructed by the «10, a4, 13, a8, and
a9 segments in PA [9], as shown in Fig. 1.

3.2. WST-8 and plaque assay

Cell viability and toxicity were assayed for 40 compounds at a con-
centration of 100 puM using the WST-8 assay. Many compounds
showed no effects or in the same level as that of DMSO (the solvent
used to dissolve the compounds), but seven compounds i.e. piroxicam
(M.W. 331.35), rofecoxib (314.36), tyropanoate sodium (663.00),
benzbromarone (424.08), diclazuril (407.64), levothyroxine sodium
(816.87), and trenbolone acetate (270.37). We next conducted



92

A benzbromarone

M. Fukuoka et al. / Biochimica et Biophysica Acta 1820 (2012) 90-95

B diclazuril

Fig. 1. Chemical formulae of drugs and their binding modes with PA, which is extracted from crystal structure of PA-PB1 complex from influenza virus RNA polymerase (PDB ID:
2ZNL) [9], obtained by the docking simulation using ICM. Compounds are colored in red. (A) benzbromarone; MW 424.08; calculated score —25.46. (B) diclazuril; MW 407.64;
score —25.93. (C) trenbolone acetate; MW 270.37; score —26.12. (D) Binding region of PA with PB1 from crystal structure of PA-PB1 complex (PDB ID: 2ZNL) [9]. The PB1 and

8 segments in PA are colored in orange and blue, respectively.

plaque assays for seven compounds, and finally confirmed that benz-
bromarone, diclazuril, and trenbolone acetate had strong anti-virus
activities. In order to determine the strength of the anti-virus activi-
ties for benzbromarone, diclazuril, and trenbolone acetate, we
conducted plaque assays as a function of compound concentration,
as shown in Fig. 2A, B, and C, respectively. Their ECsy values were
39+1.7,314+5.3,and 51 £ 2.8 uM, respectively, which were obtained
by the curve fitting shown in Fig. 2D, E, and F, respectively.

3.3. SPR measurements

We estimated the dissociation constants (Kp) of compounds
with PA subunit [9] using SPR. Assuming a 1:1 binding model, Kp
values were estimated to be 48.2, 211, and 91 uM for benzbromar-
one, diclazuril, and trenbolone acetate, respectively, as shown in
Fig. 3. For benzbromarone, as shown in Fig. 3D, fitted curve clearly
indicates a saturation at higher concentration of compound, and
Rmax was calculated to be 80.3 r.u. (theoretical maximum value
is 73.0 r.u.), suggesting the specific interaction with PA. Although
we could estimate Kp for diclazuril with large standard error, as
shown in Fig. 3E, SPR response seemed to be almost linear as a
function of compound concentrations suggesting the nonspecific
character, and Rmax obtained from the initial four data points
(288 r.u.) to reduce the contribution of the non-specific interaction
was still larger than the theoretically expected maximum value,
95.3 r.u., which is inconsistent with a 1:1 binding model. In con-
trast, although the apparent Kp for trenbolone was better than
that of diclazuril, its Rmax was rather low (5.9 r.u.), as shown in
Fig. 3F, indicating the essentially weak binding character.

3.4. Transcription assay

Next, we tested their effects on the transcriptional activities of the
viral RNA polymerase with a viral replicon assay using 293T cells trans-
fected with viral RNA polymerase protein expression plasmids and a
plasmid expressing a reporter viral genome encoding the luciferase.

In Fig. 4, firefly luciferase activities normalized to Renilla luciferase
activities are plotted as a function of different concentrations of seven
compounds. Benzbromarone and diclazuril decreased the transcrip-
tional activity of the viral RNA polymerase but trenbolone acetate
was ineffective in this assay system. The principle of our assay system
is schematically illustrated in Fig. 5.

4. Discussion

Although various tools are currently available for drug discovery
[20], we employed the in silico screening because of its relatively
higher hit rate [13,14] than the random screening [15,16]. Also we
used ICM [12] because its performance and convenient usages were
demonstrated already [13]. For target region, we selected the inter-
face of PA interacting with the N-terminal region of PB1 extracted
from crystal structure of PA-PB1 complex from influenza virus RNA
polymerase (PDB ID: 2ZNL) [9]. The calculated scores shown in
Fig. 1 roughly represent the free energy of binding between PA and
compounds. These values (—25 to —27 kcal/mol) were slightly
higher than — 32 which is an empirical criterion for judging that com-
pound could be a potential ligand. Scores around —32 could be
attained when we used a larger database such as ACD (available com-
pound directory) which includes approximately 8 million compounds
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Fig. 2. Plaque inhibition assay for (A) benzbromarone, (B) diclazuril, and (C) trenbolone acetate. A monolayers of MDCK cells infected with influenza A virus were incubated
for 2 days in the medium in which the serially diluted compound (10 to 150 uM) was added. The numbers of plaques are counted for (D) benzbromarone, (E) diclazuril, and

(F) trenbolone acetate as a function of compound concentration, and their ECso values were estimated to be 39+ 1.7,31+5.3, and 51 4 2.8 pM, respectively.

[13]. Higher scores obtained here might be due to a rather limited
number (4062) of compounds in the utilized database, and thus the
optimum chemical structure for the target cavity might be incom-
pletely explored. It should be noted that no explicit common scaffold
was observed between hit compounds that demonstrated [AV activi-
ty, as shown in Fig. 1. This was also the case for the in silico docking

simulation for prion diseases [14]. This can be explained either by
the essentially weak binding properties of hit compounds, the lack
of a unique scaffold for a particular cavity on a protein surface, or lim-
ited numbers of compounds in the utilized database. Previous re-
search has shown that the hit rates of structure-based discovery are
distributed from 1% to 5% [21-24]. Here the hit rate was 5% (2/40),
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Fig. 3. Responses of surface plasmon resonance for the binding of (A) benzbromarone, (B) diclazuril, and (C) trenbolone acetate to the PA subunit (293-716) immobilized at
12,782 r.u. Brown, purple, blue, green, yellow, orange and red lines indicate the SPR responses to the compounds with concentrations of 80, 40, 20, 10, 5, 2.5 and 1.25 UM, respec-
tively. Fitting curves are also shown for (E) benzbromarone, (F) diclazuril, and (G) trenbolone acetate. Assuming a 1:1 binding model, (Kp + S.E. (M), Rmax + S.E. (r.u.)) values
were estimated to be (48.2 +23, 80.3+15), (211 + 760, 288 4 980; fitting of the initial four data points), and (90.7 +110, 5.9 4 4.1), respectively.
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Fig. 4. Inhibitory effects on IAV polymerase transcriptional activity. HEK293T cells were
transfected with viral protein expression plasmids and the standard Ruc-GFP expres-
sion plasmid. After incubation, serially diluted compounds (5, 15, 50 uM) were
added. Luciferase activity was measured after 10 h. Transfectional activity of influenza
virus RNA polymerase was measured by firefly luciferase activity. The ratio of DMSO
(final concentration 0.5%) was set to 100%. All values were standardized by Renilla lu-
ciferase activity, thus representing the viral RNA polymerase activities.

and this value is relatively high among those reported previously. The
reason may be that drugs are already in shapes that could easily func-
tion as ligands for proteins.

Firefly luciferase activities are essentially dependent on the cellu-
lar RNA polymerase 1 (Pol I) [25,26] activity to transcribe the
negative-sense RNA from the vector DNA (pHH21-vNS-Luc) and
also the Pol II activity to transcribe PB1, PB2, PA and NP mRNA from
the vector DNAs (pcDNA-PB1, pcDNA-PB2, pcDNA-PA, pCAGGS-NP)
as shown in Fig. 5. However, the Pol II activity was independently
measured as the Renilla luciferase activity, which is dependent on
the overall Pol II activity in the cell. Since the firefly luciferase activity
was normalized to the Renilla luciferase activity, the Pol II activity
dependency was essentially removed. The contribution of Pol I activ-
ity would be small because it would not be involved in the self-
perpetuating replication process such as that carried out by viral
RNA polymerase in this assay system. Therefore, the inhibitory effects
of the compounds observed in Fig. 4 essentially would come from the
direct inhibition of viral RNA polymerase.

Results of SPR measurements are consistent with those of the
transcription assay. The interaction of benzbromarone with PA is

transcription (-) RNA

pHH21-vNS Luc

model
virus genome

relatively specific, while that of diclazuril is somewhat nonspecific.
However, both inhibit the RNA polymerase activity because both
bind to PA anyhow. On the other hand, since trenbolone interacts
with PA rather weakly, it never inhibits the RNA polymerase activity
(Fig. 4). Thus the observed anti-IAV activity of trenbolone may be
attributed to the unknown mechanism other than binding to PA.

Obtained Kp values of compounds are distributed between 48 and
211 pM, while that of wild type PB1,_35A peptides are ~1.8 nM [10].
When the same amounts of compounds and PB1 compete for binding
to the cavity in PA, it would be disadvantageous to compounds. How-
ever, local concentration around the cavity of PA in the cell is also a
crucial factor. When local concentration of compound is much higher
than that of PB1, which consists of 757 amino acids, compounds could
have a chance to interfere with the proper interaction between PA
and PB1 by getting caught between them.

Although three anti-IAV compounds were successfully discovered
among medicines, these also possess side effects, which are essential-
ly dependent on dosage. Thus, it may be worthwhile to discuss their
general usage and toxicity in vivo. Benzbromarone is a potent uricosu-
ric agent, and has been used for the treatment of hyperuricemia and
gout for approximately 30 years in many countries. Plasma concen-
trations at approximately 6 hours after a single oral dose (100 mg)
of benzbromarone are roughly 10pM [6]. Considering the ECso
against the influenza A virus (~39 pM), benzbromarone may be a
desirable alternative in case of an emergency, i.e., an outbreak of in-
fluenza A virus which is resistant to existent anti-IAV drugs, since
its pharmacokinetics and pharmacodynamics are already clarified.

Diclazuril is characterized by its strong anti-coccidial activity and
was developed as a commercial product in the late 1980s. Although
it has been widely used for domestic animals, its application for
human use has been limited to HIV infection. Toxicity for humans
has not yet been completely established [7]. 80% of those orally trea-
ted with 1 mg/kg diclazuril were protected from acute toxoplasmosis
[27]. Diclazuril had very low acute toxicity and was not mutagenic,
genotoxic, carcinogenic, embryotoxic, fetotoxic, or teratogenic.

Trenbolone is an anabolic steroid used to promote growth in beef
cattle. Immunochemistry experiments with the human androgen
receptor (AR), as low as 1pM, significantly induced androgen-
dependent translocation of AR into the cell nucleus [28]. Trenbolone
at doses of 0.5 mg/rat/day produced dose-dependent increases in
the anogenital distance of female offspring at birth. Since trenbolone
is known to induce developmental abnormalities in the fetus, a higher
oral dose of trenbolone would be teratogenic. On the other hand, con-
sidering that methyltestosterone at a dose of 50 mg/day is usually ad-
ministered for the treatment of male infertility in humans, temporal
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Fig. 5. Scheme of the utilized transcription assay system. Firefly luciferase activities are essentially dependent on Pol I activity to transcribe the negative-sense RNA from the vector
DNA (pHH21-vNS-Luc) and also Pol II activity to transcribe the positive-sense PB1, PB2, PA, and NP mRNA from the vector DNA (pcDNA-PB1, pcDNA-PB2, pcDNA-PA, pCAGGS-NP).
Pol Il activity was independently measured by the Renilla luciferase activity, which is dependent on the overall Pol II activity in the cell.
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administration of trenbolone for the treatment of viral infection
would be acceptable, although further studies would be warranted.
In conclusion, initially we targeted PA and finally discovered the
anti-IAV compounds diclazuril and benzbromarone, both of which
possess inhibitory effects upon viral RNA polymerase, and trenbolone
acetate whose anti-IAV mechanism is uncovered yet. Benzbromarone
and diclazuril are already manufactured drugs and in vivo toxicities
have already been investigated in detail. Moreover since they are cur-
rently utilized as medicines in public, they could be considered as
candidates for alternative drugs in case of emergency, i.e., an outbreak
of influenza A virus which is resistant to pre-existing anti-IAV drugs.
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Wild-Type Measles Virus with the Hemagglutinin Protein of the
Edmonston Vaccine Strain Retains Wild-Type Tropism in Macaques

Kaoru Takeuchi,® Noriyo Nagata,” Sei-ich Kato,® Yasushi Ami,© Yuriko Suzaki, Tadaki Suzuki,® Yuko Sato,”
Yasuko Tsunetsugu-Yokota,® Kazuyasu Mori,® Nguyen Van Nguyen,® Hideki Kimura,® and Kyosuke Nagata®

Department of Infection Biology, Division of Biomedical Science, Faculty of Medicine, University of Tsukuba, Tsukuba,? and Department of Pathology,” Division of Animal
Experiments,® Department of Immunology,” and AIDS Research Center,® National Institute of Infectious Diseases, Tokyo, Japan

A major difference between vaccine and wild-type strains of measles virus (MV) in vitro is the wider cell specificity of vaccine
strains, resulting from the receptor usage of the hemagglutinin (H) protein. Wild-type H proteins recognize the signaling lym-
phocyte activation molecule (SLAM) (CD150), which is expressed on certain cells of the immune system, whereas vaccine H pro-
teins recognize CD46, which is ubiquitously expressed on all nucleated human and monkey cells, in addition to SLAM. To exam-
ine the effect of the H protein on the tropism and attenuation of MV, we generated enhanced green fluorescent protein (EGFP)-

expressing recombinant wild-type MV strains bearing the Edmonston vaccine H protein (MV-EdH) and compared them to
EGFP-expressing wild-type MV strains. In vitro, MV-EdH replicated in SLAM™* as well as CD46™" cells, including primary cell
cultures from cynomolgus monkey tissues, whereas the wild-type MV replicated only in SLAM™ cells. However, in macaques,
both wild-type MV and MV-EdH strains infected lymphoid and respiratory organs, and widespread infection of MV-EdH was
not observed. Flow cytometric analysis indicated that SLAM™ lymphocyte cells were infected preferentially with both strains.
Interestingly, EGFP expression of MV-EdH in tissues and lymphocytes was significantly weaker than that of the wild-type MV.
Taken together, these results indicate that the CD46-binding activity of the vaccine H protein is important for determining the
cell specificity of MV in vitro but not the tropism in vivo. They also suggest that the vaccine H protein attenuates MV growth in

vivo.

I 41 casles remains a major cause of childhood morbidity and
i Emortality worldwide especially in developing countries in
spite of significant progress in global measles control programs.
Measles virus (MV), belonging to the genus Morbillivirus of the
family Paramyxoviridae, is an enveloped virus with a nonseg-
mented negative-strand RNA genome (11). The MV genome en-
codes 6 structural proteins: the nucleocapsid (N), phospho (P),
matrix (M), fusion (F), hemagglutinin (H), and large (L) proteins.
Two envelope glycoproteins, the F and H proteins, initiate infec-
tion of the target cells via binding of the H protein to its cellular
receptors. Therefore, the H protein is of primary importance for
determining the cell specificity of MV (22).

The Edmonston strain of MV was isolated in 1954 by using a
primary culture of human kidney cells (7). The Edmonston strain
was subsequently adapted in a variety of cells, including chicken
embryo fibroblasts, to enable the production of attenuated live
vaccines, which are currently used worldwide (27). These live,
attenuated MV strains are safe and induce strong cellular and
humoral immune responses against MV. The Edmonston vaccine
strain is no longer pathogenic in monkey models (2, 7, 37, 39). In
contrast, wild-type MV strains isolated and passaged in B95a cells
induce clinical signs resembling those of human measles in exper-
imentally infected cynomolgus and rhesus monkeys (15, 16).

A major difference between vaccine and MV wild-type strains
in vitro is their cell specificity. Vaccine strains of MV grow effi-
ciently in many human and primate cell lines, whereas wild-type
strains of MV grow only in limited lymphoid cell lines. This dif-
ference is attributed mainly to the receptor usage of MV strains.
The H proteins of wild-type strains recognize the signaling lym-
phocyte activation molecule (SLAM) (also called CD150), which
is expressed in certain immune system cells (36), and the recently
identified nectin-4 (also called PVRL4), which is expressed in ep-
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ithelial cells in trachea, skin, lung, prostate, and stomach as a cel-
lular receptor (20, 23). However, the H proteins of MV vaccine
strains recognize CD46 (6, 21) in addition to SLAM and nectin-4
as cellular receptors. Since CD46 is expressed in all human and
monkey nucleated cells, MV vaccine strains can grow in many
human and primate cell lines. Indeed, when the H protein of a
wild-type strain of MV was exchanged with that of an MV vaccine
strain, the resulting recombinant wild-type MV strain grew in
many human and monkey cell lines (12, 28, 35).

Although the receptor specificity of the H proteins of MV
strains has been studied extensively, very little is known about the
effect of the H protein on the in vivo tropism and attenuation of
MV. Given that the H proteins of MV vaccine strains can use
CD46 in addition to SLAM and nectin-4 as cellular receptors,
recombinant MV strains bearing the H protein of MV vaccine
strains may have an expanded in vivo tropism.

In this study, we generated enhanced green fluorescent protein
(EGFP)-expressing recombinant wild-type strains of MV bearing
the H protein of the Edmonston MV vaccine strain by using our
reverse genetics system (32) and compared the cell specificity in
vitro and tropism in vivo with those of EGFP-expressing MV wild-
type strains. We found that the H protein of the Edmonston vac-
cine strain of MV alters the cell specificity of the MV wild-type
strain in vitro but does not alter the tropism of the MV wild-type
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strain in vivo. Furthermore, the H protein of the Edmonston vac-
cine strain attenuates MV growth in macaques.

MATERIALS AND METHODS

Cells and viruses. B95a cells (an adherent marmoset B-cell line trans-
formed with Epstein-Barr virus) (15) were maintained in Dulbecco’s
modified essential medium (DMEM) supplemented with 10% fetal bo-
vine serum (FBS). Chinese hamster ovary (CHO) cells constitutively ex-
pressing human SLAM (CHO/hSLAM) (29) were maintained in RPMI
1640 medium supplemented with 10% FBS and 500 pg of G418 per ml.
Primary cynomolgus monkey astroglial cells were obtained from
Nobuyuki Kimura (National Institute of Biomedical Innovation, Tsu-
kuba, Japan). IC323-EGFP was obtained from Yusuke Yanagi (Kyushu
University, Fukuoka, Japan) (12). Vaccinia virus vIF7-3 encoding T7
RNA polymerase was obtained from Bernard Moss (National Institutes of
Health, Bethesda, MD) (9).

Preparation of primary cynomolgus monkey kidney cells. The kid-
neys of a cynomolgus monkey were removed, sliced into small pieces, and
digested with 0.3% trypsin in Hanks’ balanced salt solution (HBBS) at
37°C with continuous stirring for an appropriate period. The dispersed
cells were collected and washed twice with HBBS. The cells were sus-
pended in DMEM supplemented with 10% FBS, seeded on a plate, and
incubated at 37°C. Cells that grew as a monolayer culture were passaged,
and the cells at passages 3 to 5 were used in the experiments.

Construction of full-length cDNAs and reverse genetics. Plasmid
p(+)MV323, carrying the full-genome cDNA of the IC-B strain, has been
described previously (15, 32, 33). Plasmid p(+)MV017, carrying the full-
genome cDNA of the IC-B strain containing the H gene of the Edmonston
B strain (266517), has been described previously (35). To exchange the H
gene of p(+)MV323-EGFP with that of the Ed strain, a PacI-Spel frag-
ment containing the H gene was excised from p(+)MV323-EGFP and
replaced with the corresponding fragment from p(+)MV017, resulting in
p(+)MVO017-EGFP. To introduce the EGFP gene between the F and H
genes of p(+)MV323 and p(+)MVO17, the open reading frame of an
enhanced green fluorescent protein (EGFP) gene was first amplified from
pEGFP-NI1 (Clontech, Mountain View, CA) by using the primers 5'-AT
CAGGGACAAGAGCAGGATTAGGGATATCCGAGATGGTGAGCA
AGGGCGAGGA-3'" and 5'-GATGTTGTTCTGGTCCTCGGCCTCTCG
CACTTACTTGTACAGCTCGTCCA-3' and then using the primers 5'-G
CGTTAATTAAAACTTAGGATTCAAGATCCTATTATCAGGGACAA
GAGCAGGAT-3' and 5'-GCGTTAATTAACAATGATGGAGGGTAGG
CGGATGTTGTTCTGGTCCTCGG-3' to introduce a Pacl recognition
site (underlined). After digestion with Pacl, the EGFP fragment was in-
serted into the Pacl sites in p(+)MV323 and p(+)MVO017, resulting in
p(-+)MV323-EGFP(F/H) and p(+)MV017-EGFP(F/H), respectively. Re-
combinant MV strains EdH-EGFP, IC323-EGFP, and EdH-EGFP, were
generated from the p(+)MV017-EGFP, p(+)MV323-EGFP(F/H), and
p(+)MVO017-EGFP(F/H) plasmids, respectively, by using CHO/hSLAM
cells and vaccinia virus vTF7-3 as reported previously (29). IC323-EGFP,
EdH-EGFP, 1C323-EGFP,, and EdH-EGFP, were propagated in B95a
cells, and virus stocks at 3 to 4 passages in B95a cells were used for exper-
iments. The amino acid sequence of the F protein of the IC-B strains
(NC_001498/AB016162) is identical to that of the F protein of the
Edmonston-B strain (Z66517).

Infection of cynomolgus monkeys with recombinant MVs. Cyno-
molgus monkeys were inoculated intranasally with 10° times the 50%
tissue culture infective dose (TCIDs,) of IC323-EGFP, or EdH-EGFP, by
using a nasal spray (Keytron, Chiba, Japan). Three animals (no. 4848,
4849, and 4850) were juvenile (1 year old), and 6 animals (no. 5056, 5057,
5058, 5062, 5068, and 5069) were 4 to 5 years old. All animals were sero-
negative for MV. Peripheral blood mononuclear cells (PBMCs) were iso-
lated using a Percoll gradient (Amersham, Piscataway, NJ) diluted with a
1.5 M NaCl solution to 1.07 g/ml. MV-infected cells in PBMCs, spleens,
and cervical lymph nodes were counted as previously reported (32). All
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animal experiments were performed in compliance with the guidelines of
National Institute of Infectious Disease (Tokyo, Japan).

Macroscopic detection of EGFP fluorescence. EGFP fluorescence in
the tissues and organs of cynomolgus monkeys was observed using a VB-
G25 fluorescence microscope equipped with a VB-7000/7010 charge-
coupled device (CCD) detection system (Keyence, Osaka, Japan). For the
respective excitation and the detection of fluorescence, 470/40-nm and
510-nm band-pass filters were used.

Histopathological and immunohistochemical analysis. Animals
were anesthetized, and tissues from lung, bronchus, heart, liver, kidney,
skin, spleen, mesenteric lymph node (MLN), cervical lymph node, thy-
mus, salivary gland, tonsil, stomach, pancreas, and jejunum were fixed
with 10% phosphate-buffered formalin. Fixed tissues were embedded in
paraffin, sectioned, and stained with hematoxylin and eosin. Immunohis-
tochemical detection of the N protein of MV was performed on paraffin-
embedded sections as described previously (34).

Double immunofluorescence staining. Paraffin-embedded lungs
were used for staining the N protein of MV and cytokeratin. The sections
were subjected to a double immunofluorescence staining method em-
ploying a rabbit antiserum against the N protein and the cytokeratin
monoclonal mouse antibody (clone MAB1611; Chemicon, CA). Briefly,
after deparaffinization with xylene, the sections were rehydrated in etha-
nol and immersed in phosphate-buffered saline (PBS). Antigens were
retrieved by hydrolytic autoclaving for 15 min at 121°C in the retrieval
solution at pH 9.0 (Nichirei, Tokyo, Japan). After cooling, normal goat
serum was used to block background staining. The sections were incu-
bated with the anticytokeratin antibody for 30 min at 37°C. After 3 washes
in PBS, the sections were incubated with an antiserum against MV N
protein for 30 min at 37°C. Antigen-binding sites were detected with goat
anti-rabbit Alexa Fluor 488 (Molecular Probes, Eugene, OR) or goat anti-
mouse Alexa Fluor 546 (Molecular Probes) for 30 min at 37°C. The sec-
tions were mounted with SlowFade Gold antifade reagent with DAPI
(4',6'-diamidino-2-phenylindole) (Molecular Probes), and the images
were captured using a fluorescence microscope (IX71; Olympus, Tokyo,
Japan) equipped with a Hamamatsu high-resolution digital B/W CCD
camera (ORCA2; Hamamatsu Photonics, Hamamatsu, Japan).

Flow cytometric analysis. PBMCs were stained with the following
monoclonal antibodies, which are cross-reactive with macaque cells:
CD150-phycoerythrin (PE) clone A12 (BD Pharmingen, San Diego, CA),
CD3-allophycocyanin (APC) clone SP34-2 (BD Pharmingen), and CD20-
PE/Cy7 clone 2H7 (BioLegend, San Diego, CA). The cells were fixed with
1% paraformaldehyde, and MV-infected cells were detected by the ex-
pression of EGFP in the fluorescein isothiocyanate channel. The flow cy-
tometric acquisition of approximately 200,000 to 500,000 events from
each sample was performed on a FACSCalibur instrument.

Amplification of MV genomic RNA by real-time reverse
transcription-PCR (RT-PCR). Total RNA was isolated from tissues by
using the RN Alater and RNeasy kit (Qiagen, Hilden, Germany) according
to the manufacturer’s protocol, reverse transcribed, and PCR amplified
with a Dice TP800 thermal cycler (Takara, Tokyo, Japan) by using Fast-
Start SYBR green Master (Roche). For amplification of the MV genome
sequence, MV-P1 primer 5'-AGATGCTGACTCTATCATGG-3" (posi-
tions 2178 to 2197) was used for RT, and then MV-P1 primer and MV-P2
primer 5'-TCGAGCACATTGGGTTGCAC-3' (positions 2574 to 2555)
were used for PCR. For amplification of the 18S RNA segment, the 185
sense primer TCAAGAACGAAAGTCGGAGG and 18S antisense primer
GGACATCTAAGGGCATCACA (25) were used. In a separate experi-
ment, we amplified DNA from a known amount of p(+)MV323-EGFP
plasmid containing the target region under the same reaction conditions,
and the results for the real-time RT-PCR were expressed as genome RNA
equivalent to p(+)MV323-EGFP.

Cytokine assay. Cytokine levels in the plasma were measured with a
Luminex 200 instrument (Luminex, Austin, TX) by using a Milliplex non-
human primate cytokine/chemokine kit (Millipore, Billerica, MA) ac-
cording to the manufacturer’s instructions. The assay sensitivities were as

Journal of Virology

elebeN aynsoAyM Aq 10z ‘gL Ae uo /Biorwse’IAlj/:dpy wod) pepeojumod



A EGFP N P/ICV M

Measles Virus H Protein and Tropism

F H L

Ic323-EGFP D O KW M

L L

eav-eere OO0 ol W0 jo o

ic323-EGFP, I J{  F{ 10 W WK ]

eat-ecrP, OF JOU O o o

B B95a Vero

IC323-EGFP

EdH-EGFP

= 10° —
E ¢
& 105
O
- 10%
B
g 10°
£
<102__‘ L 1 L 1

0o 1 2 3 4
Time after infection (Days)

e s i

EdH

Primary kidney Primary astroglia

Vero
. 10
-
o 10 = /}
(o)
5 .
= 109
g /
'*: 103-
2
><102

0 1 2 3 4
Time after infection (Days)

FIG 1 Generation, dissemination, and growth of recombinant measles virus (MV) having the hemagglutinin (H) protein of the Edmonston vaccine strain. (A)
Schematic diagram of the genomic organizations of IC323-EGFP, EdH-EGFP, IC323-EGFP,, and EdH-EGFP,. (B) B95a, Vero, primary cynomolgus monkey
kidney, and primary cynomolgus monkey astroglial, cells were infected with IC323-EGFP or EdH-EGFP. The MV-infected cells were visualized with EGFP
autofluorescence at day 2 (B95a), day 3 (Vero), day 4 (primary kidney), or day 3 (primary astroglia). (C) Replication kinetics of IC323-EGFP, and EdH-EGFP,.
B95a cells and Vero cells were infected with IC323-EGFP, (circles) or EAH-EGFP, (triangles) at a multiplicity of infection (MOI) of 0.01 tissue culture infective
dose (TCIDsj)/cell. Cells and media were harvested at days 0, 1, 2, 3, and 4, and infectivity titers were assessed as TCIDs, using B95a cells.

follows; interleukin-12/23 (IL-12/23) (p40), 1.11 pg/ml; gamma inter-
feron (IFN-vy), 0.30 pg/ml; IL-2, 0.73 pg/ml; IL-4, 1.25 pg/ml; IL-5, 0.26
pg/ml; IL-17, 0.13 pg/ml; IL-6, 0.40 pg/ml; tumor necrosis factor alpha
(TNF-a), 0.86 pg/ml; IL-183, 0.16 pg/ml; and monocyte chemoattractant
protein 1 (MCP-1), 0.91 pg/ml.

RESULTS

Generation of recombinant MV strains expressing EGFP. To
compare the cell specificities in vitro of wild-type MV and wild-
type MV bearing the H protein of the Edmonston vaccine strain,
we generated EdH-EGFP from wild-type IC323-EGFP (12).
IC323-EGFP and EdH-EGFP (Fig. 1A) have the EGFP gene pre-
ceding the N gene and induce a strong EGFP fluorescence in in-
fected monolayer cells. For in vivo infection, we generated 1C323-
EGFP, and EdH-EGFP, (Fig. 1A), having the EGFP gene between
the F and H genes, because a previous report using canine distem-
per virus (CDV) indicated that a CDV strain having the EGFP
gene preceding the N gene had reduced overall CDV gene expres-
sion and was less virulent (38). IC323-EGFP, and EdH-EGFP,
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induced very weak EGFP fluorescence in infected monolayer cells
(data not shown) because of the polar effect of paramyxovirus
transcription (17).

Infection of primary cell culture with recombinant MV
strains. We first examined the cell specificities of IC323-EGFP and
EdH-EGFP in vitro. In B95a cells, both IC323-EGFP and EdH-
EGFP induced large syncytia and strong EGFP expression,
whereas in Vero cells, only EdH-EGFP induced syncytia and
strong EGFP expression (Fig. 1B), consistent with our previous
observation (35). Notably, EdH-EGFP induced large syncytia and
strong EGFP expression in primary kidney and primary astroglial
cells derived from cynomolgus monkey tissues (Fig. 1B). Thus, the H
protein of the Edmonston vaccine strain of MV can expand the in
vitro cell specificity of the wild-type MV strain in established cell lines
as well as in primary cell cultures of cynomolgus monkey tissues.

Preliminary infection of cynomolgus monkeys with recom-
binant MV strains. We next examined the in vivo tropism and
growth of IC323-EGFP, and EdH-EGFP, by using 3 cynomolgus
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