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There is insufficient information about combination therapy with approved anti-influenza agents. We tested
combinations that paired a neuraminidase (NA) inhibitor (zanamivir, oseltamivir carboxylate, or peramivir)
with rimantadine against infection of MDCK cells with HIN1 and H3N2 subtypes of influenza A virus and
characterized their mode of interaction. When reduction of extracellular virus was analyzed by individual
regression models and three-dimensional representations of the data, all three combinations showed additive
and synergistic effects with no cytotoxicity. Maximum synergy against A/New Caledonia/20/99 (H1N1) virus
infection was observed with <2.5 pM rimantadine paired with low concentrations of NA inhibitors. All
combinations reduced the extracellular yield of A/Panama/2007/99 (H3N2) influenza virus synergistically.
However, our findings were different for the cell-associated virus yield. At some drug concentrations, the yield
of cell-associated virus was inhibited antagonistically. Therefore, the method of analysis can be a crucial factor
in evaluating the interactions of drugs with different mechanisms. We hypothesize that assays based on
cell-associated virus yield may underestimate the efficacies of drug combinations that include an NA inhibitor.
Taken together, our results suggest that regimens that combine NA inhibitors and rimantadine exert syner-
gistic anti-influenza effects in vitro. These findings provide baseline information for therapeutic testing of the

drug combinations in vivo.

Influenza remains a serious health problem worldwide, caus-
ing the deaths of elderly people and young children and im-
posing substantial economic costs (17). Strategies for dealing
with influenza are based on annual immunization and antiviral
drugs. Control of emerging and reemerging H5N1 influenza
viruses in Asia includes slaughter of poultry in markets and
improvements in biosecurity (31, 33). However, the efficacies
of influenza vaccines are seriously limited by the continual
evolution of the hemagglutinin (HA) and neuraminidase (NA)
surface glycoproteins of the viruses. For that reason, anti-
influenza drugs are crucial for the control of influenza, and in
the face of a pandemic virus they would be the most important
short-term resource. Information about the optimal use of the
currently available anti-influenza drugs is needed.

Two classes of drugs are approved for influenza prophylaxis
and treatment: M2 ion channel blockers (amantadine and its
derivative rimantadine) and NA inhibitors. Amantadine and
rimantadine block the hydrogen ion channel activity of the M2
protein of influenza A virus (40), inhibiting viral replication by
blocking virus entry into cells (4). The genetic stability of the
NA enzymatic active center among influenza viruses (6) makes
it a promising target for the development of antiviral drugs
aimed at protecting humans against all influenza viruses.
Knowledge of the NA crystal structure (38) has made possible
the synthesis of NA inhibitors, the other class of anti-influenza
drugs (18, 20, 39), which interrupt an established infection at a
late stage by inhibiting the release of virions from infected
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cells. They also cause aggregation of the released virions,
which are then less able to penetrate mucous secretions and
infect other cells (25, 32). Thus, the two classes of available
anti-influenza drugs act by different mechanisms and at differ-
ent stages of the virus replication cycle. The main drawbacks of
M2 blockers are the rapid development of drug-resistant vari-
ants and inefficacy against influenza B virus (14, 15). NA in-
hibitors are more costly, but they are active against both influ-
enza A and B viruses (3, 26), and emergence of drug-resistant
variants is limited (24).

The combined use of two or more drugs for which there are
different mechanisms of resistance can also reduce the effect of
resistance to a single drug. The NA inhibitor 4-guanidino-
NeuSAc2en was found to effectively inhibit plaque formation
of influenza A clinical isolates that were resistant to amanta-
dine and rimantadine (43), and treatment with zanamivir re-
portedly ended an outbreak of influenza that amantadine had
failed to control (and from which amantadine-resistant vari-
ants were isolated) in a nursing home (19).

Therapy with synergistically active antiviral drugs that target
different viral proteins and have different mechanisms of action
may provide several advantages over single-agent treatment,
such as greater potency, superior clinical efficacy, reduction of
the drug dosages needed, reduction of respiratory complica-
tions requiring antibiotic therapy, reduction of cellular toxicity
and side effects, and greater cost-effectiveness. A number of
reports address the anti-influenza activity of drug combina-
tions. Combinations of ribavirin and rimantadine were re-
ported to cause additive and, in specific concentrations, syner-
gistic reduction of influenza A/FPV (7), influenza A/Texas/77
(H3N2), and influenza A/USSR/77 (HINI1) virus yield in
MDCK cells (11). Human alpha interferon and rimantadine or
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ribavirin additively or synergistically reduce the yield of clinical
H3N2 or HINT influenza A isolates in primary rhesus monkey
kidney cells (12). In a mouse model, combined rimantadine
and ribavirin were associated with enhanced survival and were
significantly more effective than either drug alone (13, 42).
Combined treatment with rimantadine and the protease inhib-
itor aprotinin highly protected mice against lethal influenza
virus challenge (44).

Only a few studies have tested the new class of antiviral
drugs, NA inhibitors, in combination with other agents. Zana-
mivir combined with rimantadine, ribavirin, or 2'-deoxy-2’-
fluoroguanosine showed additive effects against influenza A
viruses in MDCK cells (22). The NA inhibitor peramivir was
recently shown to interact favorably with ribavirin to reduce
influenza A virus infection in cell culture and in mice (35).

An important initial step in evaluating combination therapy
is to determine whether the combined agents reduce influenza
virus replication additively or synergistically in an in vitro sys-
tem. We determined the efficacies of the NA inhibitors com-
bined with rimantadine against influenza virus infection in
MDCK cells and characterized their modes of interaction. We
used HIN1 and H3N2 human influenza virus subtypes that
represent antigenically dominant populations included in the
2000-2001 through 2003-2004 influenza vaccines. We found that
NA inhibitor-rimantadine combinations additively or synergisti-
cally reduce the extracellular virus yield in MDCK cells. Because
our studies of cell-associated virus yield showed a different pat-
tern of drug interaction, we discuss the suitability of different
experimental assays for the evaluation of drug combinations.

MATERIALS AND METHODS

Compounds. The NA inhibitors zanamivir (4-guanidino-2,4-dideoxy-2,3-de-
hydro-N-acetylneuraminic acid [GG167]), GS4071 (oseltamivir carboxylate,
the active metabolite of oseltamivir [3R,4R,5S]-4-acetamido-5-amino-3-[1-ethyl
propoxy]-1-cyclohexane-1-carboxylic acid), and peramivir {[1S,2S,3R,4R,1'S]-3-
[1"-acetylamino-2'-ethyl]butyl-4-[(aminoimino)-methyl]Jamino-2-hydroxycyclo
pentane-1-carboxylic acid [BCX-1812 or RWJ-270201] } were provided by the
R. W. Johnson Pharmaceutical Research Institute (Raritan, N.J.) as lyophilized
powder and were maintained at 4°C. They were dissolved in sterile distilled water
at a concentration of 1 mg/ml, and aliquots were kept frozen at —70°C until they
were diluted in cell culture media just before use. Rimantadine hydrochloride
(1-[1-adamantyl]ethylamine hydrochloride) was obtained from Sigma-Aldrich
(Milwaukee, Wis.).

Viruses. Influenza A/New Caledonia/20/99 (HIN1) and A/Panama/2007/99
(H3N2) were obtained from the repository of St. Jude Children’s Research
Hospital. These viruses were isolated and cultivated in the allantoic cavities of
10-day-old embryonated chicken eggs for 48 h.

Cells. Madin-Darby canine kidney (MDCK) cells were obtained from the
American Type Culture Collection (Manassas, Va.) and were grown in minimal
essential medium supplemented with 5% fetal calf serum, 5 mM L-glutamine, so-
dium bicarbonate, 100 U of penicillin per ml, 100 g of streptomycin sulfate per ml,
and 100 pg of kanamycin sulfate per ml in a humidified atmosphere of 5% CO,.

Plaque assay. Plaque assay was performed as described previously (11) and
was used to determine the input virus dose for the extracellular and cell-associ-
ated virus yield reduction assays. Briefly, confluent monolayers of MDCK cells
were inoculated with 10-fold dilutions of influenza virus. After 1 h at 37°C, the
inoculum was removed and the cells were washed and overlaid with maintenance
medium containing 1% agarose, 0.2% serum albumin, and 2.5 pg of L-1-(tosyl-
amido-2-phenyl)ethyl chloromethyl ketone (TPCK)-treated trypsin (Worthing-
ton Diagnostics, Freehold, N.J.)/ml. After 3 days of incubation at 37°C in a
humidified atmosphere of 5% CO,, the cells were stained with 0.1% crystal violet
in 37% formaldehyde solution.

Extracellular virus yield reduction assay. The extracellular virus yield reduc-
tion assay was performed as described previously in 24-well plates containing
confluent MDCK monolayers (34). The concentrations of rimantadine tested
were 2.5, 5, 10, 20, 40, and 80 pM. The concentrations of zanamivir and oselta-
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mivir carboxylate used were 0.001, 0.003, 0.01, 0.03, 0.1, and 0.3 wM. Peramivir
was used at concentrations of 0.0001, 0.0003, 0.001, 0.003, 0.01, and 0.03 M.
Three experiments were conducted at each concentration. Drugs, alone or in
combination, were added to the 24-well plates. After 30 min of incubation at
37°C, the cells were inoculated with virus at a multiplicity of infection of approx-
imately 0.01 PFU per cell. After 48 h of incubation at 37°C, the medium was
removed and centrifuged at 3,200 X g for 5 min. The supernatant was titrated by
adding serially diluted samples to four wells (each) in 96-well plates of MDCK
cells. To remove residual compound, the medium was replaced 2 h after virus
inoculation. Virus replication was detected by HA assay 48 h after inoculation,
and titers were expressed as log;, of the 50% tissue culture infectious dose
(TCID) by the end point method of Reed and Muench (28). Quantification of
the extracellular (supernatant) influenza virus yields in MDCK cells was con-
ducted as described earlier (34).

Cell-associated virus yield assay. Cell-associated virus yield was assayed by a
modified microneutralization method and subsequent enzyme-linked immu-
nosorbent assay (ELISA) as described elsewhere (8). Confluent monolayers of
MDCK cells in 96-well plates were overlaid with 2X drug-containing medium
(0.1 ml/well). After 30 min, the cells were inoculated with influenza virus at a
multiplicity of infection of 0.1 PFU/cell and incubated for 18 h at 37°C. Virus
replication was determined by measuring viral nucleoprotein on the surface of
infected cells. The percent inhibition of virus replication was calculated from the
absorbance values determined at 490 nm on a microplate reader (Bio-Rad
Laboratories, Hercules, Calif.) after correction for absorbance values of unin-
fected cultures. The absorbance values for the control wells (without drugs) were
considered to indicate 0% inhibition of virus replication.

Drug cytotoxicity. The effects of the drugs on the growth of uninfected MDCK
cells in 96-well plates was determined by using a LIVE/DEAD Viability/Cyto-
toxicity Kit (L-3224) (Molecular Probes, Inc., Eugene, Oreg.), according to the
manufacturer’s recommendations. Briefly, a confluent monolayer of cells was
washed three times with washing medium and then overlaid with growth medium
containing the NA inhibitors and rimantadine, individually and combined, at
each concentration to be tested. After 48 h of incubation at 37°C, the plates were
stained with calcein AM and ethidium homodimer-1 for 30 min at room tem-
perature. The fluorescence of drug-exposed and control cell samples was mea-
sured by using two sets of filters. Excitation and emission wavelengths for one set
were 485 and 538 nm, respectively; excitation and emission wavelengths for the
other set were 544 and 590 nm, respectively. The relative numbers of living and
dead cells were expressed in terms of percentages; e.g., the proportion of living
cells was expressed as a percentage of the total number of cells.

Statistical analysis. The inhibitory activity of individual agents is analyzed by
a regression model. The experimental data for the individual agents show that
the models for the individual agents are fitted with an appropriate regression
model (e.g., a linear-log concentration-response curve). To test the synergy
between two agents in the experimental dose range, an F test is used (37). To
explore the dose regions where synergy occurs, we considered the differences
among the values for the expected model, and the regression model was fitted to
the observed data.

More specifically, the individual concentration-response curves for agents 4
and B arey = oy + Blog(zy + v4) andy = ap + B log(zz + vp), respectively,
where y is the virus titer expressed as log,, TCIDsy/0.2 ml, z, and zp are the
concentrations of agents 4 and B, respectively, and «, B, and y are the regression
coefficients. The expected response model for the mixtures of two agents
A and B, assuming Loewe additivity (1, 9), should bey = oy + B log[z4 + v, +
p(zg + vp)], where p is the potency of the agent B relative to the agent A. To
characterize the joint action of two agents, the regression response model that
fits the data the best is selected by examining the goodness of fit of the model for
the mixtures (27). We chose 0.25 log;, TCID5,/0.2 ml empirically as a plausible
reference difference of interest to detect and compare the expected model for an
additive action with the regression model fitted to the mixture responses. For a
given mixture of the two agents, the difference of the values for the expected
model and the regression model is compared to the reference difference to show
the synergistic (or antagonistic) effect in that region. The contour plots of the
differences for these two models show the synergistic areas of the mixture dos-
ages. The ¢ test is used to compare the effects of different treatments on the virus
yield for specific dose. All computation is performed by using StatXact and S-PLUS.

RESULTS

Effect of NA inhibitors combined with rimantadine on ex-
tracellular influenza virus yield. Three different drug combi-
nations were tested: (i) zanamivir plus rimantadine, (ii) osel-
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TABLE 1.. Effect of combinations of rimantadine with NA inhibitors on extracellular yield of A/New Caledonia/20/99 (HIN1)
influenza virus in MDCK cells

Virus yield (log,, TCID5,/0.2 ml) for combination drug indicated:*
Concn of
rimantadine Zanamivir at:® Oseltamivir carboxylate at:” Peramivir at:”
(M) None
0.001 pM 0.01 pM 0.1 pM 0.001 uM 0.01 pM 0.1 pM 0.001 pM 0.01 pM
0 75*+04 6.7 = 0.4° 5.1+ 1.0¢ 1.9 = 0.4 75%0 4.8 +1.0¢ 0.5+ 1.0¢ 31+0.7¢ 0.4 +0.5¢
5 6.6 +0.3¢ 6.1 = 0.4°¢ 3.7 % O.Sf_*g 1.0 = 0_.7f3 7.0 + 0/ 4.6 = 1.0° <0.1/ 23+ 0.4f_’5’ <0.1/
20 4408 40x04"  14x05" <0.1/" 58+04" 41x04 <0.V 1.5 = 0.4 <0.V
40 3.7 +0.5¢ 3.0 = 016"”‘ 1.0 = 0._7f’” <0.1f_’” 42 +0.4" 2.8 +0.3¢ <0.1/ 0.8 = 0.3f_’” <0.1/
80 23+ 1.14 <0.1/" <0.1/" <0.1/" 1.8+03" 0.6 = 13" <0.V 0.3 = 03" <0.1

“ Drugs were added 30 min before inoculation with virus. Virus in the culture supernatant was titrated in MDCK cells. Each value is the mean * standard error (SE)
for at least three determinations. The limit of virus detection was 0.1 log;, TCID5, per 0.2 ml.

> P was <0.0001 with the F test for the synergy in the experimental range.
¢ P was <0.05 compared with saline-treated controls.

@ P was <0.01 compared with saline-treated controls.

¢ P was <0.05 compared with rimantadine used alone.

/P was <0.01 compared with rimantadine used alone.

& P was <0.05 compared with zanamivir, oseltamivir carboxylate, or peramivir used alone.
' P was <0.01 compared with zanamivir, oseltamivir carboxylate, or peramivir used alone.

tamivir carboxylate plus rimantadine, and (iii) peramivir plus
rimantadine. The antiviral efficacies of the NA inhibitors and
rimantadine alone and in combinations were evaluated in
MDCK cells by two methods: virus yield reduction assay, which
allows detection of the extracellular virus yield in cell culture
supernatants, and cell ELISA, which determines the level of
drug inhibition of cell-associated virus. We tested six different
concentrations of NA inhibitor (0.0001 to 0.3 wM) or riman-
tadine (2.5 to 80 pwM) shown by individual dose response
curves to give from 0 to 10% reduction to 90 to 100% reduc-
tion of the initial virus yield. Tables 1 and 2 show the reduction
of extracellular A/New Caledonia/20/99 (HIN1) and A/Pana-
ma/2007/99 (H3N2) virus yields, respectively.

Table 1 shows the extracellular yield of the HIN1 virus at
selected drug concentrations. The virus yield in the untreated
control wells was 7.5 log,, TCID5,/0.2 ml. Single-agent riman-
tadine at doses of 5 and 10 uM resulted in ~10% and 20%
reduction of the extracellular virus yield, respectively. Even the
highest rimantadine concentration tested did not completely
inhibit HIN1 extracellular virus, despite a reduction of 5.0
log  TCIDs5,/0.2 ml (70% inhibition). Conversely, single-agent
NA inhibitors at certain concentrations—zanamivir and osel-
tamivir carboxylate at 0.3 pM and peramivir at 0.03 pM—

reduced virus replication by 100%. When used in combination,
the anti-influenza drugs caused a greater antiviral effect than
did each drug alone. Significant reduction of virus yield (P <
0.05) was achieved at a mixture of concentrations: 0.01 to 0.1
pM for zanamivir, <0.03 wM for oseltamivir carboxylate, and
<0.003 uM for peramivir in combination with rimantadine
(<20 uM). The combination of 5 WM rimantadine with a 0.1
1M concentration of either zanamivir or oseltamivir carboxy-
late resulted in ~90% and 100% reduction of virus yield,
respectively (Table 1). Peramivir was more potent than the
other two NA inhibitors; the virus was completely inhibited at
0.01 uM, a dose 10-fold less than the equivalent doses of
zanamivir and oseltamivir carboxylate.

Table 2 shows the yield of H3N2 virus at selected drug
concentrations. For influenza A/Panama/2007/99 (H3N2) vi-
rus, it was shown that in the control wells the virus was repli-
cating to 7.0 log,, TCIDs,/0.2 ml. Rimantadine at 5 and 10 pu.M
inhibited about 10 and 25% of the virus, respectively. As with
the HIN1 virus, the H3N2 virus was not completely inhibited
at the highest rimantadine concentration tested (80 puM).
Combinations were significantly (P < 0.05) more effective than
either agent alone. Complete inhibition was achieved by 80

TABLE 2. Effect of combinations of rimantadine with NA inhibitors on extracellular yield of A/Panama/2007/99 (H3N2) virus in MDCK cells

Virus yield (log,TCID5,/0.2 ml) for combination drug indicated”

Concn of
rimantadine Zanamivir at:” Oseltamivir carboxylate at:” Peramivir at:”
(_M) None
0.001 M 0.01 pM 0.1 pM 0.001 M 0.01 pM 0.1 pM 0.001 pM 0.01 pM

0 7.0 0.2 6.1 =0.1¢ 41+0.14 1.8 +0.2¢ 6.1 =0.1¢ 3.8 +0.2¢ 1.8 +0.2¢ 3.6 +0.2¢ 0.9 = 0.3¢
5 6.6 +0.14 43 +0.1%" 2.3 + 0.3%" 0.6 + 0.3%" 4.3 + 0.4%h 2.8 +0.2¢1 0.6 + 0.6%¢ 1.8 = 0.3%" <0.14"

20 45 +0.1¢ 2.6 = 0.14" 1.4 +0.3%" 0.2 = 0.44" 2.6 = 0.14" 1.0 + 0.6%" <0.14" 0.9 * 0.3%" <0.14"

40 36014  16=01%" 08=*0.1%" <01 14 =014 03=03%" <014 0.5 =0.6%  <0.14"

80 24=01¢  11=x01*"  03=x02%" <01 09 =01 01=x03" <01 0.4 =05  <0.14"

“ Drugs were added 30 min before inoculation with virus. Virus in the culture supernatant was titrated in MDCK cells. Each value is the mean * SE for at least three

determinations. The limit of virus detection was 0.1 log;, TCIDs, per 0.2 ml.
> P was <0.0001 with the F test for the synergy in the experimental range.

¢ P was <0.05 compared with saline-treated controls. P was <0.01 compared with saline-treated controls.

¢ P was <0.05 compared with rimantadine used alone.
/P was <0.01 compared with rimantadine used alone.

& P was <0.05 compared with zanamivir, oseltamivir carboxylate, or peramivir used alone.
" P was <0.01 compared with zanamivir, oseltamivir carboxylate, or peramivir used alone.
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FIG. 1. Three-dimensional response surface showing the reduction of extracellular virus yield in MDCK cells by NA inhibitor-rimantadine
combinations. The X and Y axes show the concentrations (in wM) of drugs. Rimantadine was combined with zanamivir (A), oseltamivir carboxylate
(B), or peramivir (C) against the A/New Caledonia/20/99 (HIN1) influenza virus. Rimantadine was combined with zanamivir (D), oseltamivir
carboxylate (E), or peramivir (F) against the A/Panama/2007/99 (H3N2) influenza virus. Virus yield was measured as log;, TCIDs,/0.2 ml in culture

supernatants.

pM rimantadine in combination with 0.3 wM zanamivir or
oseltamivir carboxylate, or 0.01 wM peramivir.

Mode of interaction of anti-influenza drugs in reducing ex-
tracellular yield. Data on the inhibition of influenza HIN1 and
H3N2 extracellular virus yield were plotted in three dimen-
sions to form a response surface (Fig. 1), and the mode of drug
interaction was characterized by the regression models. Indi-
vidual regression models were determined by experimental
data with rimantadine, zanamivir, oseltamivir carboxylate, and
peramivir; models that predicted the additive action of two
agents were derived from these individual models. According
to the results of the combination experiments, we obtained the
response regression models for the joint action of zanamivir,
oseltamivir carboxylate, and peramivir with rimantadine
against HIN1 and H3N2 viruses by using model selection tech-
niques. A comparison of the expected additive model with the
corresponding response regression model for each combina-
tion of agents and the corresponding contour plots of the
differences for these two models yielded the following synergy
analysis.

The overall interaction of zanamivir with rimantadine is
synergistic in inhibiting extracellular A/New Caledonia/20/99
(HINT) virus [F34 105y = 18.96; P < 0.0001] (Fig. 2A). The
joint action of the two drugs reaches maximum synergy when
rimantadine at 10 to ~80 wM is combined with zanamivir at
0.02 to ~0.06 wM. Although the interaction of the two drugs

was synergistic at most concentrations tested, there are regions
of additivity (shown in yellow in Fig. 2A) and antagonism
(rimantadine at <5.5 wM and zanamivir <0.0025 pM).

The interaction of oseltamivir carboxylate with rimantadine
in the reduction of extracellular HIN1 virus yield was mainly
synergistic [Fs4 105, = 16.78; P < 0.0001] (Fig. 2B). Synergistic
activity was observed at a wide range of concentrations, reach-
ing a maximum at concentrations of 32 to ~80 uM for riman-
tadine and <0.06 uM for oseltamivir carboxylate. However, as
with the zanamivir and rimantadine combinations, there was a
region of antagonistic interaction (rimantadine at <4 pM and
oseltamivir carboxylate at <0.005 uM). The two-drug interac-
tion was additive at concentrations of <0.01 uM for oseltami-
vir carboxylate and <4.5 pM for rimantadine.

The third combination tested (peramivir plus rimantadine)
also synergistically reduced the extracellular yield of A/New
Caledonia/20/99 (H1N1) influenza virus [F 34 105y = 25.34; P <
0.0001] (Fig. 2C and D). Within the range of concentrations
tested, maximum synergy was achieved at rimantadine concen-
trations of 12 to ~80 wM combined with a peramivir concen-
tration of <0.0025 wM. However, the mode of action of this
combination differed from the two described earlier. There
appeared to be additive effects at two ranges of concentration
(Fig. 2C and D): <0.00015 wM peramivir combined with <6
pM rimantadine and <0.015 M peramivir combined with <5
pM rimantadine. There were also two ranges of antagonistic
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FIG. 2. Contour plots showing interaction of the NA inhibitors with rimantadine in reducing the extracellular yield of the A/New Caledonia/
20/99 (HIN1) virus in MDCK cells. The regions shown in yellow represent additive drug interactions. Rimantadine was combined with zanamivir
(A), oseltamivir carboxylate (B), or peramivir (C and D). The numbers in the contour curves are the differences of the values from those of the
expected model for the mixtures of two agents, assuming Loewe additivity and the regression response model that fits the data.

interaction, one in which the concentrations of both drugs were
low (<9 puM for rimantadine and <0.00015 wM for peramivir)
and one in which the concentrations of both drugs were high
(20 to ~80 wM for rimantadine and 0.016 to ~0.03 pM for
peramivir).

When tested against influenza A/Panama/2007/99 (H3N2),
NA inhibitors combined with rimantadine induced an overall
synergistic reduction of extracellular virus yield (P < 0.0001 by
overall F test). As determined by regression analysis and three-
dimensional representation of the data, zanamivir and riman-
tadine had maximum synergy at concentrations ranging from
12 to ~75 pM for rimantadine and from 0.015 to ~0.03 uM for
zanamivir (Fig. 3). Oseltamivir carboxylate and rimantadine
reached maximum synergy at concentrations of 18 to ~80 uM
for rimantadine and <0.05 pM for oseltamivir carboxylate
(results not shown). Peramivir and rimantadine reached max-
imum synergy at 10 to ~70 wM for rimantadine and 0.0001 to
~0.0002 M for peramivir (results not shown).

Effect of NA inhibitor-rimantadine combinations on cell-
associated virus yield. In these experiments, we tested seven

concentrations of oseltamivir carboxylate (0.001 to 1 uM) and
six concentrations of rimantadine (2.5 to 80 wM), either alone
or combined, by cell ELISA. This method is frequently used to
test the anti-influenza efficacies of agents in vitro. Table 3
shows the percent reduction of cell-associated A/New Cale-
donia/20/99 (HIN1) virus yield at selected concentrations of
oseltamivir carboxylate and rimantadine. The effects of both
drugs were dose dependent. The effect of single-agent riman-
tadine was small. When rimantadine was combined with osel-
tamivir carboxylate, the inhibition of virus replication was en-
hanced at most concentrations and was pronounced (35%) at
a 0.01 M concentration of oseltamivir carboxylate combined
with a 20 WM concentration of rimantadine (Table 3).

To characterize the mode of drug interaction in the reduc-
tion of cell-associated virus yield, we performed the same re-
gression analysis as that used for the extracellular virus yield.
On the resulting contour plot (Fig. 4), the strongest synergistic
effect of the two drugs was seen when the highest dose of
rimantadine was combined with the lowest dose of oseltamivir
carboxylate and when the lowest dose of rimantadine was com-
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FIG. 3. Contour plot showing the interaction of zanamivir and
rimantadine in reducing the extracellular yield of the A/Panama/
2007/99 (H3N2) virus in MDCK cells. The drugs acted synergistically
at all concentrations tested. The contour plot shows the area of max-
imum synergy. The numbers in the contour curves are the differences
of the values from those of the expected model for the mixtures of two
agents, assuming Loewe additivity and the regression response model
that fits the data.

bined with the highest dose of oseltamivir carboxylate. Maxi-
mum synergy was observed when rimantadine at <60 wM was
combined with oseltamivir carboxylate at <(0.01 wM. Contrary
to our findings in the inhibition of extracellular virus, there was
a region of dose combinations that showed antagonistic inter-
action. Maximum antagonism was observed at low concentra-
tions (<0.6 uM) of both agents.

Because the modes of drug interaction appeared to be dif-
ferent for the two different assays (cellular versus extracellular
virus yield), we conducted a separate set of experiments in
which a single assay system measured the reduction of cell-
associated and extracellular HIN1 virus yield by oseltami-
vir carboxylate (Fig. 5A) and rimantadine (Fig. 5B). The two
agents inhibited both extracellular and cell-associated virus in
a dose-dependent manner, but their efficacy differed. At 10
M, oseltamivir carboxylate completely inhibited extracellular

TABLE 3. Effect of oseltamivir carboxylate-rimantadine
combinations on the yield of cell-associated influenza
A/New Caledonia/20/99 (HIN1) virus in MDCK cells

Inhibition of replication (%) with:*

Concn of
rimantadine Oseltamivir carboxylate at:
M
(uhD) 0 uM 0.001 pM 0.01 pM 0.1 pM 1.0 pM
0 NI NI 200+32 448%22 66735
5 44+34 53=* 3.5/_ 264 =397 47.0*=22° 65.6 3.3
20 93x3.6 9.6=3.6 351=257 458+279 704 =359

80 20.1 4.0 24.5*23 380 =25 551 +3.0% 795+ 244

“ Cell-associated virus yield was measured in MDCK cells by microneutraliza-
tion followed by ELISA. Percent inhibition of virus replication was based on
absorbance at 490 nm; control wells without drug were considered to have 0%
inhibition. Each value is the mean *+ SE for three independent experiments.

> NI, no inhibition.

¢ P was <0.05 compared with rimantadine used alone.

4P was < 0.01 compared with rimantadine used alone.

¢ P was < 0.05 compared with oseltamivir carboxylate used alone.

/P was < 0.01 compared with oseltamivir carboxylate used alone.
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FIG. 4. Contour plot showing the interaction between oseltamivir
carboxylate and rimantadine in reducing cell-associated influenza
A/New Caledonia/20/99 (HIN1) virus yield in MDCK cells. The num-
bers in the contour curves are the differences of the values from those
of the expected model for the mixtures of two agents, assuming Loewe
additivity and the regression response model that fits the data.

virus but reduced cell-associated virus only from 7.0 to 4.5 log |
TCIDsy/0.2 ml. Rimantadine reduced extracellular and cell-
associated HIN1 virus yields to a more comparable extent at
different drug concentrations; although the reduction of extra-
cellular yield was more dose responsive, there was no signifi-
cant difference between the levels of extracellular and cell-
associated virus inhibition at the highest concentration tested.

Cytotoxicity. The NA inhibitors used as single agents caused
no cytotoxicity in MDCK cells at the range of concentrations
tested. Rimantadine caused some cytotoxicity (~5% reduction
of live cells) at the highest concentration tested (80 wM),
whether used alone or in combination with the NA inhibitors.
However, no enhanced cytotoxicity was seen when the drugs
were used in combination.

DISCUSSION

Our results show that combination treatment with an NA
inhibitor (zanamivir, oseltamivir carboxylate, or peramivir)
and rimantadine markedly reduces the extracellular HIN1 and
H3N2 influenza virus yield in MDCK cells in comparison to
the yield obtained after treatment with either single drug. The
drugs were found to interact both additively and synergistically.
The three-dimensional approach that we employed allowed a
complete analysis of all tested drug concentrations and result-
ing biological effects and is considered to be the most suitable
model for analysis of drug interactions (16).

Importantly, synergism between NA inhibitors and rimanta-
dine was observed at a wide range of concentrations, against
both the HIN1 and H3N2 influenza virus subtypes. The influ-
enza A/Panama/2007/99 (H3N2) strain was more sensitive to
the combination, which synergistically reduced extracellular
virus yield in MDCK cells at all concentrations tested. The
extracellular yield of influenza A/New Caledonia/20/99 (HIN1)
virus was reduced both additively and synergistically; however,
the patterns of reactivity differed slightly from those of the
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FIG. 5. Reduction of extracellular and cell-associated A/New Caledonia/20/99 (HIN1) virus yield in MDCK cells by oseltamivir carboxylate
(A) and rimantadine (B). Extracellular virus yield (®) was measured as log;, TCIDs,/0.2 ml of culture supernatant. Cell-associated virus yield (m)
was measured as log;, TCIDs,/0.2 ml of cell suspension after three rounds of freeze-thawing. Values are the means = standard deviations for two

or three independent assays.

H3N?2 virus. Influenza viruses have been reported to differ in
their sensitivities to zanamivir, oseltamivir carboxylate, and
peramivir (8, 34, 41). This finding can be explained to some
extent by the differences among strains in the types of amino
acid residues surrounding the enzyme active center of NA and
by the balance between the HA affinity to cellular receptors
and the NA enzymatic activity. These effects are also closely
related to the structure of the NA inhibitors, a fact which is
considered important for achieving an energetically favorable
interaction with the influenza NA glycoprotein (41). Our re-
sults showed that two drug pairs (zanamivir-rimantadine and
oseltamivir carboxylate-rimantadine) interact similarly to in-
hibit recovery of extracellular HIN1 virus in MDCK cells but
that peramivir interacts with rimantadine differently to inhibit
extracellular virus. A likely explanation is the different chem-
ical structure of the NA inhibitors (2, 20, 38). These structural
characteristics may affect the orientation of the drugs’ active
groups and thus alter the NA inhibitors’ binding capacity for
the amino acids in the active site of the enzyme.

The exact mechanism by which these two drugs synergisti-
cally reduce influenza virus yield in MDCK cells is not clear.
Although additional experiments are needed, we hypothesize
that the inhibition of the M2 protein function by the amanta-
dine and its derivative rimantadine causes a decrease in pH
within intracellular compartments and thus may play a role in
the maturation of HA glycoprotein in frans-Golgi regions of
the exocytic pathway (5). Treatment with amantadine and
rimantadine could cause specific conversion of the native HA
conformation to the low-pH HA conformation (36); HA in this
conformation has a tendency to aggregate and therefore may
interfere with the pinching off of transport vesicles, causing
enlargement of frans-Golgi structures in a manner analogous
to the inhibition of virus release from the cells. This effect
could not only decrease the numbers of virus particles released

from the cells but also alter the balance between HA and NA
so that less NA inhibitor is required to achieve the same bio-
logical effect.

We assayed the inhibition of both extracellular and cell-
associated virus in cell culture. Utilization of the two different
biological assays allows us to determine the most reliable and
suitable method of analysis for evaluation of the mode of
anti-influenza drug interaction in vitro. The NA inhibitors used
in combination with rimantadine additively or synergistically
reduced extracellular virus yield in MDCK cells. However, they
appeared to interact differently in assays of cell-associated
virus yield, showing antagonism at certain concentrations. In-
fluenza viruses with low NA activity are known to be released
inefficiently from the surfaces of infected cells, thereby limiting
virus spread from cell to cell or within the respiratory tract (10,
21, 23). In the presence of the NA inhibitors, we observed the
same effects. When the release of virus particles was blocked,
the virions aggregated at the cell surface, and their spread from
cell to cell was limited. Therefore, assays of the cell-associated
virus yield may underestimate the efficacies of the NA inhibi-
tors when used either alone or in combinations. Our results
and those reported by Madren and coauthors (22) suggest that
the cell ELISA is not optimal for use in analyzing anti-influ-
enza drug interactions. Moreover, such an analysis can be
limited by the 18-h incubation period, the multiplicity of infec-
tion (0.01 to 0.1 PFU/cell) used in cell ELISAs, and the limited
number of virus replication cycles that may occur during this
time period. Treatment with NA inhibitor can protect only
neighboring cells from secondary infection; therefore, if all or
most cells are initially infected with virus, the effect of the
drugs may be underestimated. It is also important to remember
that the cell ELISA is more dependent on the use of a constant
number of cells for analysis and is characterized by more vari-
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able results than the plaque reduction assay. The method of
analysis may be crucial for evaluation of the drug interactions.

Combination therapy against influenza virus infection has
been investigated (13, 42, 44). However, most studies have
tested experimental compounds, such as polyoxometalate PM-
523 (30), nucleoside analogue 2’-deoxy-2'-fluoroguanosine
(22), or infusions made from the natural antiviral agent Flos
verbasci (29). Earlier studies showed that zanamivir exerts ad-
ditive effects with rimantadine, ribavirin, or 2’'-deoxy-2'-flu-
oroguanosine against influenza A viruses in MDCK cells (22).
However, additional information is needed about combination
therapy with antiviral agents approved for use against influenza
virus infection. The NA inhibitor peramivir was recently re-
ported to interact favorably with ribavirin to reduce extracel-
lular influenza A virus yield in cell culture and in mice (35).
The present study is the first to use regression analysis and
three-dimensional data representation to analyze the interac-
tion of NA inhibitors and rimantadine against influenza virus
infection in MDCK cells at a wide range of concentrations.
Our results showed that pairing zanamivir, oseltamivir carbox-
ylate, or peramivir with rimantadine reduces extracellular
HI1INT1 and H3N2 virus yields in MDCK cells either additively
or synergistically. Because study of the reduction of virus yield
in vitro is considered to be a crucial step in drug evaluation,
our observations could serve as baseline information for future
studies in vivo. The degree of inhibition and the type of drug
interaction are reported to differ with the virus strain, drug
concentration, multiplicity of infection, and type of cell culture
(13). Our results demonstrate that the observed findings also
depend on the biological effect chosen as an endpoint and the
method of detection of this biological effect.

Overall, our results support the idea that virus yield can be
synergistically reduced by combination therapy with antiviral
drugs that target different viral proteins and have different
mechanisms of action. However, studies with animal models
are needed to determine the advantages of the drug combina-
tions tested here.
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