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For the treatment of influenza virus infections, neuraminidase inhibitors (NAls) that prevent the release
of virus particles have been effective against most influenza strains. Several neuraminidase (NA) assays
are available for the evaluation of NAIs. To understand the NAI functions under physiological conditions,
assays mimicking viral particle release should be useful. We have constructed retrovirus-based reporter
viruses that are pseudotyped with hemagglutinin (HA) glycoprotein by transfection of producer cells using
plasmids expressing retroviral gag-pol, influenza HA, NA, and firefly luciferase genes. Similarly to the life
cycle of influenza viruses, the release of pseudotype viruses also requires neuraminidase functions. This
requirement was used to develop an assay to evaluate NAI activities by measuring inhibition of pseudo-
type virus production at different NAI concentrations. The pseudotype virus release assay was used to
determine the ICso values of Oseltamivir carboxylate, Zanamivir, and the novel phosphonate congeners of
Oseltamivir against N1 group neuraminidases and their H274Y Oseltamivir carboxylate-resistant mutants.
The deduced ICsg values obtained using the release assay correlated with those determined using the fluo-
rogenic substrate 2’-(4-methylumbelliferyl)-a-p-N-acetylneuraminic acid (MUNANA) and also correlated
with the infectivity results.
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1. Introduction

Influenza virus infects avian and many species of mammals.
Seasonal human infections by influenza viruses result in mortality
and financial losses and are managed predominantly by vaccina-
tion (Chowell et al., 2007; Vila-Corcoles et al., 2007). The recent
H5NT1 avian influenza viruses that are highly pathogenic to several
wild and domestic avian species infected more than 300 persons,
many fatally, in many Asian countries and raised the concern of
another influenza pandemic (Hampson, 2006; Poland et al., 2007).
Among the therapeutic options for the treatment and preven-
tion of influenza infections, neuraminidase inhibitors (NAI) are
most promising (Alymova et al., 2005; De Clercq, 2006). Before an
effective vaccine for avian influenza is developed, NAls are crucial
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ammunition for protection against the possible pandemic H5N1
viruses that are often resistant to the other class of approved anti-
flu agents: adamantanamine derivatives (Gani et al., 2005; Hurt et
al.,, 2007).

Several neuraminidase assays are currently used for the evalu-
ation of NAls. The substrates of these assays are usually synthetic
sialic acid derivatives that upon cleavage by neuraminidase produce
convenient reporting signals for the measurements (Buxton et al.,
2000; Cabezas et al., 1983; Franca de Barros et al., 2003; Onodera,
1994). In order to understand NAI inhibition under physiologi-
cal conditions, cell-based assays are helpful as the neuraminidase
reaction does not simply involve the terminal sialic acid of the sub-
strates. The physiological functions of influenza neuraminidase are
thought to enhance the spread of the influenza infection in sev-
eral ways. After replication, packaging, and budding of progeny
viruses, the neuraminidases are required to cleave the cell surface
sialic acids to release the progeny virus from infected cells (Palese
et al., 1974). The neuraminidase also prevents the aggregation of
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the released influenza viruses for efficient infections (Bhatia and
Kast, 2007; Palese et al., 1974). In addition, the viral associated
neuraminidase is thought to cleave the sialic acid of mucins in the
respiratory tract thus facilitating access to epithelial target cells for
productive infections (Bhatia and Kast, 2007). Therefore, the natu-
ral substrates of influenza neuraminidase are terminal sialic acids
located at the producer cells, the viral surface, and various animal
tissues. Furthermore, the carbohydrate structures adjacent to the
terminal sialic acid were reported to be crucial to the specificity
and reactivity of different influenza neuraminidases (Katinger et al.,
2004; Kiyotani et al., 1987; Kobasa et al., 1999; Sato et al., 1998). The
properties of the natural substrates are difficult to be included in an
enzymatic assay using a single synthetic substrate. In addition, the
influenza HA (hemagglutinin) that interacts with a variety of sialyl
oligosaccharides also affects the catalysis of neuraminidases. This
was illustrated by the reported NAI resistant mutations mapped to
HA (Bantia et al., 1998; Cheam et al., 2004; Mishin et al., 2005;
Molla et al., 2002). Therefore, a cell-based neuraminidase assay
with the flexibility to measure inhibitor potencies against vari-
ous neuraminidase and hemagglutinin mutations in different cells
could contribute to the understanding of NAI activities under phys-
iological conditions mimicking the viral release processes.

In the course of our study for the preparation of MuLV (murine
leukemia virus) reporter virus pseudotyped with influenza HA
glycoprotein, we established the requirement of neuraminidase
activity for the production of pseudotyped viruses. This require-
ment was used to develop a cell-based assay, which closely mimics
the influenza release process, for the evaluation of neuraminidase
activities. This assay was used to determine the activities of sev-
eral neuraminidase inhibitors against both wild type and mutant
neuraminidases.

2. Materials and methods
2.1. Viruses, cell lines, antibodies, compounds, and reagents

Influenza A/WSN/1933 (H1N1) (from Dr. Shin-Ru Shih, Chang
Gung University, Taiwan) was cultured in the allantoic cavities
of 10-day-old embryonated chicken eggs for 72h, and purified
by sucrose gradient centrifugation. Madin-Darby canine kidney
(MDCK), and 293T cells were obtained from American Type Culture
Collection (Manassas, VA), and were grown in DMEM (Dulbecco’s
modified Eagle’s medium) containing 10% fetal bovine serum and
penicillin-streptomycin at 37°C under 5% CO,. A549 cells also
obtained from American Type Culture Collection, were cultured
in RPMI 1640 (GibcoBRL, Gaithersburg, MD) containing 10% fetal
bovine serum and penicillin-streptomycin at 37 °C under 5% CO,.
The antibodies used in this study were anti-HA (from LTK Biolab-
oratories, Taipei, Taiwan), anti-NA antibody (from Abcam, Taipei,
Taiwan), antibody for p30 (produced from hybridoma cells, R187,
ATCC, Manassas, VA), and anti-beta-actin antibody (from Sigma, St.
Louis, MO). Oseltamivir carboxylate, Zanamivir and two phospho-
nate analogs of Oseltamivir (Compounds 3 and 4) were synthesized
as described (Shie et al., 2007). Britelite assay kit for luciferase
assays was purchased from PerkinElmer (Waltham, MA). All other
reagents used in this work were purchased from Sigma (St. Louis,
MO).

2.2. Plasmids used and constructions

Plasmids encoding HA [A/Viet Nam/1194/2004, GenBank
EF541402 (Li et al,, 2004)] and NA proteins [A/WSN/1933 TS61,
GenBank CY010790] were subcloned into pcDNA3.1 (Invitrogen,
Carlsbad, CA). The plasmids for the MulLV retrovirus expression

system, pGagPol and pMuLV-Fluc (for reporter firefly luciferase
expression) were reported previously (Temperton et al., 2007). The
NA gene was mutated to introduce the H274Y mutation by the
GeneTailor Site-Directed Mutagenesis System (Invitrogen) accord-
ing to the manufacturer’s instructions. Both the wild type and the
mutant NA genes were cloned into pcDNAG6 (Invitrogen). Plasmid
DNA of the NA genes were used to transfect 293T cells to express
recombinant neuraminidase at the cell surface. The transfected
cells were collected at 48 h, washed twice with PBS and used for
the evaluation of neuraminidase inhibitors.

2.3. Pseudotyped virus preparation, and purification

Human 293T cells in 15-cm dishes were transfected with 4 pg
of pGag/Pol(MuLV), 6 ug of pCNCL(MLV-Fluc), 2 wug of pVSV or
4 g of pHA (from A/Vietnam/1194/2004 (H5N1)) and 3 j.g of pNA
(from A/WSN/1933 (H1N1) supplemented with 51 .l lipofectamine
2000 (Invitrogen, Carlsbad, CA), and replenished with fresh media
after overnight incubation. The HA-pseudotyped MuLV (HA-PV)
preparations were harvested from the conditioned media, filtered
through 0.45 wm filters, and either used immediately or frozen at
—80°C. HA-PV was purified by centrifugation for 2 h at 25,000 rpm
in a Beckman SW29 rotor over a 20% sucrose cushion.

2.4. Antigen determinations

The hemagglutinin contents were determined by ELISA accord-
ing to the manufacturer’s instructions (Bio Assay Systems,
Hayward, CA). Immunoblot analyses of hemagglutinin after SDS-
polyacrylamide gel electrophoresis were performed using a rabbit
polyclonal antibody raised against a synthetic peptide (ASSGVS-
SACPYLGKSSFFRN). Other antibodies used for immunoblot studies
were monoclonal antibody AC-15 for 3-actin (Sigma, St. Louis, MO),
and rabbit antibody for influenza neuraminidase (ab21305) from Ab
Cam (Gene Research Lab Co., Taipei, Taiwan).

2.5. Determination of pseudotyped virus titer by transduction

Ten thousand A549 cells were plated onto the wells of 96-well
plates 1 day prior to transduction and incubated with 100 .l pseu-
dotyped virus for 2 h. After washing, cells were supplemented with
fresh media, and incubated for an additional 48 h. The luciferase
activity was measured using the Britelite assay kit (PerkinElmer,
Waltham, MA) and used according to the manufacturer’s instruc-
tions.

2.6. Pseudotyped virus release assay for NAI evaluations

293T cells were plated onto 10-cm dishes 1 day prior to trans-
fection. Cells were transfected with 2 pg pGagPol, 3 g pFluc, 2 g
pHA, and 2 p.g pNA. Cells were recovered and re-plated in 96-well
plates after 24 h and treated with NAI at various concentrations.
After 48 h, pseudotype viruses were collected by filtration through
a 96-well filtration system (Millipore, Billerica, MA). The titers of
the released pseudotype virus were determined by the expressed
luciferase activities of transduced 293T cells using the Britelite
assay kit as described in Section 2.5.

2.7. Other assays

Neuraminidase activity was measured in 0.33M MES, 4 mM
CaCl,, 2.5% dimethyl sulfoxide, pH 6.5 using a fluorogenic substrate,
at 200 wM, of 2’-(4-methylumbelliferyl)-o.-D-N-acetylneuraminic
acid (MUNANA; Sigma). The reaction was stopped with stop
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Fig. 1. Requirement of neuraminidase activity for the production of transduction competent HA-pseudotyped viral particles. Human 293T cells were transfected with a
combination of plasmid DNAs as shown. Pseudotype viruses were harvested and filtered through 0.40 pm filters. The HA contents of different pseudotyped virus preparations
were measured by ELISA (A), and their activities to transduce A549 cells for luciferase expression are shown (B).

buffer (0.5M NaOH, 25% ethyl alcohol) after 15min incuba-
tion at room temperature. The fluorescence of the released
4-methylumbelliferone was measured in an Envision plate reader
(PerkinElmer, Wellesley, MA) using excitation and emission wave-
lengths of 365 and 460 nm, respectively (Cabezas et al., 1983).
ICs5g determination was performed by fitting the curve of percent
control activity without NAI versus NAI concentrations using Graph
Pad Prism 4.

The anti-influenza activities of neuraminidase inhibitors were
measured as ICsg values corresponding to the concentration of NA
inhibitors required for 50% protection from H1N1-mediated cyto-
pathic effects. Fifty pul diluted HIN1 at 100 CCID5q (50% cell culture
infective dose) were mixed with equal volumes of NAI at various
concentrations, and the mixtures were used to infect 1 x 10° MDCK
cells in 96-wells. After 48 h incubation at 37°C and 5.0% CO,, the
cytopathic effects were determined with the CellTiter 96® AQueous
Non-Radioactive Cell Proliferation Assay reagent (Promega, Madi-
son, WI). Inhibitor ICs¢ values were determined by plotting the
curve of percentage cytopathic effect versus concentrations of NA

A Cell lysate
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inhibitor using Graph Pad Prism 4. The CCsg values measured the
toxicity of NA inhibitors to MDCK cells and were determined by
methods similar to the ICsq determination but without virus infec-
tion.

3. Results

3.1. Requirement of neuraminidase activity for the formation of
functional pseudotyped virus particles

As reported in the literature, exogenous neuraminidases such
as bacterial neuraminidase are required during the production
of HA-pseudotyped virus (HA-PV) (Temperton et al., 2007). To
study this requirement and the consequence of the neuraminidase
supplementation to producer cells, influenza neuraminidase was
provided by transfection of the neuraminidase expressing plas-
mid (from A/WSN/1933(H1N1)), along with other plasmid DNAs
that expressed the influenza-HA, MuLV-GagPol, and RNA for the
reporter firefly luciferase for HA-PV productions. Pseudotyped virus

(B) Virion lysate
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Fig. 2. Immunoblot analysis of cell lysates after transfection (A) and purified pseudoviral particle preparations (B). Forty-eight hours after DNA transfection, 293T cells were
harvested by low speed centrifugation. Pseudotype viruses recovered from cultural media were filtered through 0.45 pm filters and purified by centrifugation for 2 h at 25000
RPM in a Beckman SW29 rotor over a 20% sucrose cushion. The cell and the pseudotype virus pellets were lysed with SDS sample buffer, separated by SDS-PAGE, and used
for immunoblot analyses. The antigens for immuno-detection are shown on the left, and the plasmid DNA used for transfection of 293T cells are shown at the bottom. The
association of influenza hemagglutinin with the pseudoviral particles was apparent only when the neuraminidase activity was present. In the absence of the neuraminidase
activity, the expressed HA protein was mostly cell associated. The synthesized p30 gag protein was mostly particle associated. In the absence of neuraminidase, a fraction of
the synthesized p30 appeared to be associated with hemagglutinin and became cell-associated.
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Fig. 3. Inhibition of the HA-PV production at various Oseltamivir carboxylate treatment concentrations. Human 293T cells were transfected with four plasmids: pHA, pNA,
pGagPol, pLuc (A and B), and pVSV, pNA, pGagPol, pLuc (C) as described in Fig. 1. Twenty four hour after the transfection, cells were harvested and reseeded onto 10-cm
plates containing various Oseltamivir carboxylate concentrations as shown. After a further 24 h, cells and the conditioned media were harvested. Cell lysates and the purified
HA-PV prepared from cultural media were used for immunoblot analysis to determine the relative antigen contents of HA and p30 (A). The harvested cultural media were
used to transduce A549 cells. The expression of firefly luciferase activities was measured 1 day after transductions (B and C).

preparations were harvested at 48 h after transfection and filtered
through 0.45 wm filters. Fig. 1A shows that significant HA levels
were detected only in filtrates harvested after transfection using
all four plasmids. In the absence of the plasmid for NA expression,
only background levels of HA were detected in the HA-PV prepara-
tions. Subsequent transduction studies also showed that functional
HA-PV preparations were produced only in the presence of neu-
raminidase expressions (Fig. 1B). The pseudoviral particles were
purified from the conditioned media of 293T cell cultures after DNA
transfection. The association of influenza hemagglutinin with the
pseudoviral particles was apparent only when the neuraminidase
activity was provided. In the absence of the neuraminidase activity,
the expressed HA protein was mostly cell associated, and substan-
tial quantities of retroviral gag protein also became cell-associated
(Fig. 2). The effect of neuraminidase expression on the HA distribu-
tion and the formation of functional pseudoviral virus preparations
confirmed the neuraminidase requirement to be released from the
HA-pseudotyped virus particles. This requirement also suggests
that the production of HA-PV is a process resembling influenza
virion release and could be used as a model mimicking the influenza
release process.

3.2. Correlation of NAI activity to the release of pseudotyped
viruses

The requirement of neuraminidase function for HA-PV produc-
tion suggests that the production of HA-PV could be used for the
evaluation of NAl activities. To assess this possibility, we trypsinized
the 293T cells 1 day after transfection with the four plasmid DNAs
and then treated the reseeded cells with various concentrations
of Oseltamivir carboxylate for 24 h before harvesting to measure
the HA-antigen levels and the functions of the pseudotype virus
preparations. Fig. 3A shows that the Oseltamivir carboxylate treat-
ment appeared to inhibit the production of the HA-PV. In addition,
the ability of the resulting HA-PV preparation to transduce A549

cells was also reduced, and inversely related to the Oseltamivir
carboxylate concentrations used (Fig. 3B). As a control, VSV glyco-
protein pseudotyped MuLV were prepared at varying Oseltamivir
carboxylate concentrations, and the ability of the resulting VSV-
PV preparations to transduce cells were determined. The result in
Fig. 3C shows that unlike the production of HA-PV, the production
of functional VSV-PV was unaffected by the Oseltamivir carboxy-
late exposures. These results thus confirm that the neuraminidase
requirement is specific for HA-PV productions. Furthermore, the
results also suggested the potential of using the pseudotype viral
release as a cell-based assay to measure NAI potencies.

3.3. Measurement of pseudotyped virus titers using the expressed
luciferase reporter activities after transduction of recipient cells

Our results thus far indicate that the production of HA-PV has
features similar to the release of virion particles in the life cycle of
influenza viruses. The HA-PV carries the RNA of firefly luciferase
that could be used as a convenient reporter to titer the pseudovirus
yields by transduction of recipient cells. To demonstrate that the
expressed luciferase activities after transduction can be used as
a measurement of HA-PV titers, HA-PV preparations were used
to measure the HA antigen contents and the expressed luciferase
activity levels after transduction to A549 cells. Fig. 4 shows that the
measurements of the luciferase reporter activities are proportional
to the pseudovirus associated HA contents determined by ELISA
measurements. We thus used the measurement of the luciferase
activity as a convenient quantification of the relative titers of HA-PV
preparations.

3.4. Characterization of NAIs using the pseudotype virus release
assay

HA-PV release assays were conducted to evaluate the NAI activ-
ities in 293T cells. Four NAls, Oseltamivir carboxylate, Zanamivir,
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Fig. 4. Correlation of the HA-PV titers and the luciferase activities expressed upon
transduction of A549 cells. HA-PV preparations at various dilutions were used to
determine the relative pseudovirus titers by ELISA measurements of the HA contents.
The HA-PV preparations were also used to transduce A549 cells to determine the
luciferase expression levels of A549 cells at 48 h after transduction.

and two of Oseltamivir's phosphonate congeners (Fig. 5A) were
used for this study. The HA-PV release inhibition by each of the
four compounds showed a dose-dependent response, and the data
were plotted to obtain ICsq values. For comparison, we expressed
the same neuraminidase protein and used the recombinant enzyme
to determine the ICsqy values of each of the four compounds. Sim-
ilar IC5q values were found for each compound determined either
by the release assay or by the enzymatic assay (Fig. 5 and Table 1).

B NS

O:©,COZH
AcHN

HO-, _OH

HOH=-O
AcHN “b,,‘wcozH

2 HN
NH F=NH

2 H,N

1 2
Oseltamivir Zanamivir

carboxylate

]
3
o

Oseltamivir
carboxylate

[es}
o

[o2]
o

IS
o

N
o

Relative luciferase (%

2 3 4

'
w
'
'

) S
3
o

Compound 3

o]
o

[0}
o

40

20

Relative luciferase (%

2 4 0 1 2 3 4
log [3] (nM)

—

—

203

Table 1
ICs0 values of four NAIs determined by pseudoviral release assay, neuraminidase
assay, and infectivity assay against HIN1 (WSN) influenza

Compound NA Release Enzyme Infectivity
assay (nM) assay (nM) (nM)
Osletamivir carboxylate ~ Wild type 3.5 2.8 23
Osletamivir carboxylate ~ H274Y 260 290 ND
Zanamivir Wild type 7.0 4.6 34
Zanamivir H274Y 13 12 ND
Compound 3 Wild type 1.6 1.0 4.3-9.5
Compound 3 H274Y 150 530 ND
Compound 4 Wild type 0.62 0.10 0.06-0.19
Compound 4 H274Y 8.1 7.4 ND

In addition, measurements were made to determine the activities
of these compounds in preventing the infection of the HIN1 (WSN)
influenza that has the same neuraminidase gene as the HA-PV used
in the release assay. The potency rank of these compounds in the
prevention of pseudoviral release parallels that of infectivity pre-
vention (Table 1). Thus, although the IC5y values were different in
release-prevention and anti-infection assays, the release assay can
serve as guidance for antiviral potency of NAls.

One apparent advantage of the pseudoviral release assay is the
flexibility to change the pseudoviral components of HA and NA by
plasmid replacements. To demonstrate this advantage, we replaced
the pNA that codes for the wild type neuraminidase of HIN1 (WSN)
with the plasmid pNA_H274Y carrying a site-directed mutant NA
gene with tyrosine to replace histidine at position 274 (N2 nomen-
clature). Release inhibitions of the pseudovirus carrying H274Y
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Fig. 5. Comparison of NAI potencies on wild type and Tamiflu-resistant neuraminidases using the pseudotype viral release assay. The structures of the four compounds used
for release assays are shown (A). The procedure used for release assay is as described in Section 2.6. The pseudoviral release assays for HA-PV were used to evaluate the in vitro
effects of four NAIs on the wild type (filled square) and the Tamiflu-resistant neuraminidase (open square). The four NAIs used for these assays are Oseltamivir carboxylate
(B), Zanamivir (C), and two phosphonate analogs of Oseltamivir carboxylate: compound 3 (D) and compound 4 (E).
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neuraminidase were evaluated using the same four NAls. Very dif-
ferent IC5q values were produced in this study (Fig. 5 and Table 1).
Oseltamivir carboxylate and its phosphonate congeners that are
less active to neuraminidase with the H274Y mutation (Shie et
al., 2007) were 50-100 times less potent in the release preven-
tion assay on pseudotype virus with H274Y neuraminidase than
the wild type counterpart. In contrast, the neuraminidase inhibi-
tion by Zanamivir is somewhat insensitive to the H274Y mutation
and has ICsg values similar to the wild type neuraminidase in both
enzymatic and release assays. The susceptibility difference of the
H274Y mutant to Oseltamivir carboxylate versus Zanamivir found
in the release assays is consistent with the antiviral results reported
previously (Abed et al., 2004).

4. Discussion

The NAls that inhibit the influenza neuraminidase at the virus
release step are used as anti-influenza drugs, and additional new
anti-influenza inhibitors targeting the release step may be discov-
ered and considered for development. The influenza release process
involves the interaction of viral HA, NA, cellular lipid raft, and the
sialic acid receptors (Barman and Nayak, 2007; Mishin et al., 2005;
Palese et al., 1974). A model system that mimics influenza release
would be useful for the understanding of the cellular and viral
factors involved in the release process. This assay probably also
helps confirm the inhibition mechanism of new NAI candidates and
their potencies under physiological conditions. Virus-like particles
and pseudotyped viruses relevant to influenza research have been
described (Galarza et al., 2005; Kong et al., 2006; Lin and Cannon,
2002; Liu et al., 2005), but, to our knowledge, they have not been
used to study influenza release or to explain the NAI inhibition
process.

The pseudoviral release assay described in this report is spe-
cific for the NA-mediated release. It is also the first cell-based
assay to measure the neuraminidase activity under physiological
conditions. We used the pseudoviral release assay to evaluate the
potencies of several NAls and produced ICsg values comparable to
those obtained by enzymatic assays using MUNANA. In addition,
consistency in potency ranks of several NAls were obtained in enzy-
matic, pseudovirus release, and infectivity assays against both wild
type and drug resistant neuraminidases. The pseudoviral release
assay is a slower assay in comparison to most enzymatic assays, and
itis thus nota HTS assay for NAl lead discoveries. It is probably a use-
ful assay for the evaluation of new NAls that may have molecular
interactions with factors other than neuraminidase. This consid-
eration may be necessary particularly for the studies on influenza
NAIs because both hemagglutinin and neuraminidase interact with
sialic acids. Furthermore, in the viral and cellular surface, there are
many different sialyl oligosaccharides that interact with both pro-
teins with different affinities. A biochemical assay using a synthetic
substrate may not be able to assess the activity of a new NAI if
the physiological substrates are very different from the synthetic
substrate used. In a hypothetic case, it is conceivable that the ICs5q
values obtained by enzymatic and infectivity assays may be very
different for dual-function inhibitors that inhibit neuraminidase
and also bind hemagglutinin. Pseudoviral release assays could be
useful to provide explanations for these inhibitors. Such inhibitors
were reported in the literature (Guo et al., 2002), although we did
not have an opportunity to test them in this study using the release
assay.

The pseudotype virus release assay is a versatile system,
allowing the study of different NA genes or mutants by simple
replacements with relevant NA expression plasmids. We showed
in this report the study of NAI activities against the wild type and
the Tamiflu resistant neuraminidases by simple replacement of rel-

evant plasmid DNAs for experiments. The procedure for this assay is
simple, and all operative procedures could be done under biosafety
level two conditions. We also studied the NAI activities on the
release of a different HA-PV where the neuraminidase gene was
derived from A/Hanoi/30408/2005 (H5N1). As expected, higher
ICs5¢ values for the release assay were obtained (data not shown).
The alternative cell-based assay would likely to be an infectivity
assay that will require higher biosafety containments.

Assessment of drug resistant variants is a practical exercise in
the evaluation of new antiviral candidates. This practice may have
safety concerns in the genetic manipulation of avian H5N1 viruses.
The HA-pseudotyped virus being noninfectious has no safety con-
siderations regarding genetic manipulations. Thus, it may be useful
to generate a panel of HA-PVs carrying different NAl resistant muta-
tions to screen new NAI leads for development candidates most
likely to be effective against all influenza neuraminidases under
physiological conditions.

In summary, the pseudovirus release assay described in this
report is the first cell-based assay system for the evaluation of NAls
under conditions mimicking the physiological situations. In addi-
tion to serve as a confirmative assay, this cell-based assay, which
dissociates the release process from most other infection events,
may be useful in mechanism studies for inhibitors that have more
complex molecular interactions.
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