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Introduction

Influenza is still one of the major plagues worldwide. The

appearance of highly pathogenic avian influenza (HPAI)

H5N1 viruses in humans and the emergence of resistant

H5N1 variants against neuraminidase inhibitors highlight

the need for new and amply available antiviral drugs. We

and others have demonstrated that influenza virus misuses

the cellular IKK ⁄ NF-kappaB signalling pathway for effi-

cient replication, suggesting that this module may be a

suitable target for antiviral intervention.1 Here, we show

that the novel NF-kappaB inhibitor SC75741 efficiently

blocks replication of influenza A viruses, including avian

and human A ⁄ H5N1 isolates in vitro in concentrations

that do not affect cell viability or metabolism. In a mouse

infection model with HPAI A ⁄ H5N1 and A ⁄ H7N7 viruses,

we were able to demonstrate reduced clinical symptoms

and survival of SC75741 treated mice. Moreover, influenza

virus was reduced in the lung of drug-treated animals.

Besides this direct antiviral effect, the drug also suppresses

H5N1-induced overproduction of cytokines and chemo-

kines in the lung, suggesting that it might prevent hyper-

cytokinemia we hypothesise to be associated with

pathogenesis after infections with highly pathogenic influ-

enza viruses, such as the A ⁄ H5N1 strains. Thus, a

SC75741-based drug may serve as a broadly active non-

toxic anti-influenza agent.

Material and methods

Antiviral compound
SC75741 was supplied by 4SC AG (Planeeg-Martinsried,

Germany). SC75741 was dissolved in 10% DMSO ⁄ 30%

Cremophor (Merck).

Virus
Avian influenza A ⁄ mallard ⁄ Bavaria ⁄ 1 ⁄ 2006 (H5N1) virus,

grown in embryonated chicken eggs, was used throughout

this study. The avian influenza A virus isolate was origi-

nally obtained from the Bavarian Health and Food Safety

Authority, Oberschleissheim, Germany and further propa-

gated at the Friedrich-Loeffler-Institut, Federal Research

Institute for Animal Health, Tübingen, Germany. In addi-

tion the avian strain FPV (fowl plague virus) H7N7 was

grown on MDCK cells. For cell culture experiments a mul-

tiplicity of infection (MOI) of 0Æ001 was used. For infec-

tion, the animals were anaesthetized by intraperitoneal

injection of 150 ll of a ketamine (Sanofi) ⁄ rompun (Bayer)

solution (equal amounts of a 2%-rompun-solution and a

10%-ketamin-solution were mixed at the rate of 1:10 with

PBS) and infected i.n. with 5 · 103 pfu MB1 (H5N1) in a

volume of 50 ll PBS via the intranasal route. According to

the German animal protection law, the mice were sacrificed

as soon as they lost 25–30% of their weight. Five animals

per group were monitored for 14 days after infection. The

experiments were performed three times.
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Influenza virus titration (AVICEL� plaque assay)
To assess the number of infectious particles (plaque titers)

in organs a plaque assay using Avicel� was performed in

96-well plates as described by Mastrosovich and col-

leagues.2 Virus-infected cells were immunostained by incu-

bating for 1 hour with a monoclonal antibody specific for

the influenza A virus nucleoprotein (Serotec) followed by

30 minutes incubation with peroxidase-labeled anti-mouse

antibody (DIANOVA) and 10 minutes incubation with

True Blue� peroxidase substrate (KPL). Stained plates

were scanned on a flat bed scanner and the data were

acquired using Microsoft� Paint software. The virus titer is

given as the logarithm to the basis 10 of the mean value.

The detection limit for this test was <1Æ7 log10 pfu ⁄ ml.

RNA isolation and reverse transcription real-time
PCR
Organs of infected and control mice were homogenized

and incubated over night in 1 ml TriZol� Reagent (Invitro-

gen) at 4�C. Total RNA isolation was performed as speci-

fied by the manufacturer (Invitrogen). RNA was solubilised

in 50 ll RNase free water and diluted to a working concen-

tration of 50 ng RNA ⁄ ll. Reverse transcription real-time

PCR was performed using QuantiFast� SYBR� Green RT-

PCR Kit and QuantiTect Primer Assays (Qiagen). All sam-

ples were normalized to GAPDH and fold expression ana-

lyzed relative to uninfected controls.3 Ct values were

obtained with the SmartCycler� (Cepheid).

Results

To answer the question whether the NF-kappaB inhibitor

SC75741 shows antiviral properties against influenza virus,

H5N1 infected MDCK cells were treated with different con-

centrations of the inhibitor (Figure 1). Already treatment

with 1 nm of SC75741 led to a reduction of viral CPE of

more than 70%. Almost 100% protection of cells was

achieved when cells were treated with 50 lm SC75741. The

results indicated that SC75741 has antiviral properties at

concentrations ranging from 1 to 5 nm.

We next tested whether SC75741 would also be effective

in the mouse model of influenza virus infection. When

H7N7 mice were treated i.v. once daily for 5 days with

5 mg ⁄ kg SC75741, survival rate of the animals increased

significantly (P < 0Æ05). The same results were found when

H7N7 influenza virus infected mice were treated i.p. with

15 mg ⁄ kg SC75741 (data not shown). Moreover, SC75741

treatment was not only effective when the inhibitor was

given prior to H5N1 influenza virus infection, but also in a

therapeutic setup when SC75741 was applied to the animals

4 days after infection (data not shown).

Since influenza virus infected mice showed increased sur-

vival after lethal infection, we next questioned whether the

amount of influenza virus was reduced in the lung. There-

fore, we performed quantitative real-time (qRT) PCR to

detect viral mRNA. Mice were treated with either SC75741

or the solvent, and 48 hour later the lungs were prepared

to perform qRT-PCR. As shown in Figure 2A the amount

of viral mRNA was reduced by 90% in SC75741 treated

mice compared to solvent treated controls, indicating that

SC75741 leads to a reduced expression of H5N1 specific

mRNA in the lung of infected mice. Since infection of mice

with H5N1 leads to hypercytekinemia,4 we also investigated

the expression of cytokines in SC75741 treated mice. As

shown in Figure 2B the amount of IL-6 specific mRNA was

drastically reduced in SC75741 treated mice compared to

solvent treated controls. Moreover, also the expression of

IP-10 was altered in SC75741 treated H5N1 influenza virus

infected mice. Here, roughly 90% reduction of specific
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Figure 1. Virus reduction assay after SC75741 treatment of MDCK II

cells. Virus infected cells (MOI 0Æ001) were treated with different SC75741

concentrations ranging from 0 to 100 000 nm). Virus titer was determined

by plaque assay.

Figure 2. mRNA levels of cytokines and chemokines 2 days p.i. after

infection of mice with 5 · 103 pfu H5N1 after a reverse-transcriptase real-

time PCR according to manufacturer’s protocol (QIAGEN). Solvent treated

control (black bars) and SC75741 treated mice (grey bars) (A) H5N1, (B)

IL-6, (C) IP-10. The bars represent the mRNA levels of three infected mice

according to Boeuf.3 This experiment was performed twice with similar

results.
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mRNA was detectable (Figure 2C). Thus, SC75741 leads to

a reduced transcription of IL-6 and IP-10 in H5N1 infected

mice.

Discussion

There is an urgent need for new concepts to develop antiv-

iral drugs against influenza virus. Targeting cellular factors

is a promising but challenging approach, and the concerns

about side effects are obvious. However, it should be con-

sidered that drugs targeting viral factors, such as amanta-

dine or oseltamivir, also exhibit a wide range of side effects

in patients. Thus, drug safety has to be rigorously tested in

clinical trials regardless whether a drug targets a cellular or

a viral factor. Moreover, resistance against human H1N1

influenza viruses and highly pathogenic avian H5N1 virus

strains to oseltamivir and amantadine have been reported.5

In that respect, the strategy to target cellular factors 6,7

might be one way to ensure that new drugs against influ-

enza virus will be useful and effective for a long time with-

out causing the development of resistant virus variants.

We were able to demonstrate that the NFkappaB inhibi-

tor SC75741 is able to reduce influenza virus activity in cell

culture. Moreover, the compound was also effective against

highly pathogenic avian influenza viruses of the H5N1 and

H7N7 subtypes in the mouse model. Next to the reduction

of virus SC75741 was also able to reduce H5N1-induced

overproduction of cytokines and chemokines in the lung in

the lung of mice after infection with H5N1. Most impor-

tantly, the drug did not show any tendency to induce resis-

tant virus variants (data not shown). Thus, a SC75741-

based drug may serve as a broadly active non-toxic anti-

influenza agent.
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