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The appearance of highly pathogenic avian influenza A viruses of the H5N1 subtype being able to infect
humans and the 2009 H1N1 pandemic reveals the urgent need for new and efficient countermeasures
against these viruses. The long-term efficacy of current antivirals is often limited, because of the emer-
gence of drug-resistant virus mutants. A growing understanding of the virus–host interaction raises the
possibility to explore alternative targets involved in the viral replication. In the present study we show
that the proteasome inhibitor VL-01 leads to reduction of influenza virus replication in human lung ade-
nocarcinoma epithelial cells (A549) as demonstrated with three different influenza virus strains, A/Puerto
Rico/8/34 (H1N1) (EC50 value of 1.7 lM), A/Regensburg/D6/09 (H1N1v) (EC50 value of 2.4 lM) and A/Mal-
lard/Bavaria/1/2006 (H5N1) (EC50 value of 0.8 lM). In in vivo experiments we could demonstrate that VL-
01-aerosol-treatment of BALB/c mice with 14.1 mg/kg results in no toxic side effects, reduced progeny
virus titers in the lung (1.1 ± 0.3 log10 pfu) and enhanced survival of mice after infection with a 5-fold
MLD50 of the human influenza A virus strain A/Puerto Rico/8/34 (H1N1) up to 50%. Furthermore, treatment
of mice with VL-01 reduced the cytokine release of IL-a/b, IL-6, MIP-1b, RANTES and TNF-a induced by LPS
or highly pathogen avian H5N1 influenza A virus. The present data demonstrates an antiviral effect of VL-
01 in vitro and in vivo and the ability to reduce influenza virus induced cytokines and chemokines.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

H1N1 influenza viruses are a major topic of human health care,
especially after the last H1N1 pandemic. Additionally, highly path-
ogenic avian influenza (HPAI) H5N1 virus infection leads to high
lethality in humans, as a result of extensive alveolar immune
inflammatory infiltrates, causing tissue damage that compromises
lung function. The H5N1 virus infection results in high levels of
inflammatory cytokines and chemokines, due to an immune
dysregulation (hypercytokinemia) (Cheung et al., 2002; Chotpitay-
asunondh et al., 2005; Droebner et al., 2008; Tumpey et al., 2000;
Wong and Yuen, 2006). Elevated levels of cytokines and chemo-
kines, including IP10, MIG, MCP-1, IL-6, IL-8 and RANTES, have
been observed in human cell lines, mice and macaques infected
with H5N1 influenza virus (Chan et al., 2005; de Jong et al.,
1997; Kobasa et al., 2007).

The pandemic situation of the last years clearly demonstrates
that influenza A virus infection is still a major risk for the public
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health. The possibility of a new emerging pandemic influenza A
virus strain or reassortment between the pandemic and seasonal
or avian A/H5N1 influenza virus strain is indeed a frightening but
not unlikely event. Since vaccines will not be available in the first
6 months after a pandemic outbreak, there is a strong need for
effective antivirals. Today, neuraminidase-inhibitors such as osel-
tamivir represent the most common clinically approved medica-
tion against influenza A viruses. In the recent past the number of
reports in which drug-resistant influenza A viruses were described
increased (Hurt et al., 2009; Le et al., 2005; McKimm-Breschkin
et al., 2007; Meijer et al., 2009; Rameix-Welti et al., 2008; Sheu
et al., 2008). Drug resistance to the known antivirals highlights
the urgent need to optimize the effectiveness of current and novel
antiviral treatments through development of new formulations,
delivery routes or novel defense mechanisms. Due to the high
mutation rate of influenza A virus, the threat of fast resistance for-
mation against these compounds exists. In contrast, the human
genome possesses a million fold lower mutation rate. The inhibi-
tion of host cell factors, which the virus is depending on during
its replication cycle, offers an interesting alternative target for
the development of new therapies. Here, the virus cannot replace
the missing cellular component by mutations. It is well known that
influenza A virus recruits host cell factors for efficient replication
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(Ehrhardt et al., 2010; Konig et al., 2010; Watanabe et al., 2010).
Therefore, it is well traceable that targeting such host cell factors
would be a promising approach for the development of new anti-
viral drugs. We previously demonstrated that influenza virus rep-
lication is dependent on the NF-jB pathway and on the Raf/MEK/
ERK mitogenic kinase cascade. Inhibition of the IKK/NF-jB by the
use of acetylsalicylic acid (ASA), as well as inhibition of the Raf/
MEK/ERK signaling pathways with the MEK inhibitor U0126, leads
to strong reduction of influenza A virus infection (Ludwig and
Planz, 2008; Ludwig et al., 2004; Mazur et al., 2007; Pleschka
et al., 2001).

The 26S-proteasome – the central proteolytic component of the
ubiquitin–proteasome system (UPS) – can be selectively inhibited
by proteasome inhibitors. The ability of such substances to inhibit
the proteasome and thereby to prevent NF-jB activation is well
known (Breccia and Alimena, 2010; Vink et al., 2006; Yu and
Kem, 2010). During influenza virus infection NF-jB acts via induc-
tion of proapoptotic factors, such as TNF-related apoptosis-induc-
ing ligand (TRAIL) or FasL followed by activation of caspases. This
caspase-activation resulted in an enhanced nuclear export of viral
RNPs, presumably by specific cleavage of nuclear pore proteins,
resulting in an enhanced diffusion limit through the pores (Ludwig,
2009). This function appears to be relevant for viral replication
since a nuclear retention of viral ribonucleoprotein (RNP)
complexes can be observed in the presence of both, caspase- and
NF-jB-inhibitors (Mazur et al., 2007; Wurzer et al., 2003).

An antiviral effect of proteasome inhibitors on different RNA
viruses has previously been shown (Ma et al., 2010; Ott et al.,
2003; Schubert et al., 2000). Widjaja and colleagues showed that
inhibition of proteasome activity affects influenza A virus infection
at a post-fusion step (Widjaja et al., 2010). Furthermore, protea-
some inhibitors such as PS-341 (Velcade) are currently in clinical
trails against cancer e.g. against relapsed and refractory multiple
myeloma (Richardson et al., 2003, 2005; San Miguel et al., 2008).

In the present study, we wanted to investigate the antiviral ef-
fect of the proteasome inhibitor VL-01 (ViroLogik GmbH, Germany)
in cell culture and in the mouse model. Delivery of the substance
via the aerosol route led to reduction of progeny virus titer in lungs
of mice after human influenza A virus infection. Furthermore, we
demonstrated that inhibiting the proteasome activity leads to an
increased survival after lethal influenza A virus infection. The pro-
teasome inhibitor VL-01 also reduced cytokine release induced by
LPS stimulation or by infection with highly pathogenic avian H5N1
influenza A virus. Aerosol application of VL-01 at the concentra-
tions required for antiviral activity did not lead to any adverse ef-
fects. Thus, we conclude that efficient influenza virus replication is
dependent on proteasome activity and that temporarily inhibition
of proteasome activity might be effective for the development of
novel treatment strategies.
2. Materials and methods

2.1. Compound

The proteasome inhibitor VL-01 (ViroLogik GmbH, Germany)
with a formula weight of 752.8 g/mol inhibits the 20S and 26S pro-
teasome unit. The inhibitor was dissolved in 5% DMSO, 15% Crem-
ophor in PBS before use in different concentrations.
2.2. Mice

Inbred BALB/c mice at the age of 6–8 weeks were obtained from
the animal breeding facilities at the Friedrich-Loeffler-Institute
(FLI), Federal Research Institute for Animal Health, Tuebingen,
Germany and were used throughout all the experiments.
2.3. Virus

The human influenza virus A/Puerto Rico/8/34 (H1N1, PR8) and
the pandemic influenza virus strain A/Regensburg/D6/09 (H1N1,
RB1) were propagated in Madin-Darby canine kidney (MDCK) cells.
Additionally, we used the highly pathogenic avian H5N1 influenza A
virus strain A/Mallard/Bavaria/1/2006 (H5N1, MB1) grown in embry-
onated chicken eggs, which was originally obtained from the Bavar-
ian Health and Food Safety Authority, Oberschleissheim, Germany.

2.4. Influenza virus titration (AVICEL� plaque assay)

To assess the number of infectious particles (plaque titers) in
the samples, a plaque assay using AVICEL� was performed in 96-
well plates (Vogel et al., 2010). Virus-infected cells were immuno-
stained by incubating for 1 h with a monoclonal antibody specific
for the influenza A virus nucleoprotein (Serotec, Duesseldorf,
Germany), followed by 30 min incubation with peroxidase-labeled
anti-mouse antibody (DIANOVA, Hamburg, Germany) and 10 min
incubation with True Blue™ peroxidase substrate (KPL, Gaithers-
burg, USA). Stained plates were scanned on a flat bed scanner
and the data were acquired by Corel DRAW 9.0 software. To define
the titer of progeny virus, the foci of infected cells for every sample
in each well of the 96-well plates were counted and multiplied
with the dilution factor. The mean values were taken from the final
number of foci in each well. The viral titers are shown as the loga-
rithm to the base 10 of the mean values.

2.5. Measurement of pharmacological parameters in vitro

To determine the inhibitory effect (IC50) of VL-01 in vitro, we
treated human lung adenocarcinoma epithelial cells (A549) with
different concentrations of VL-01 (0.1–50 lM) and measured the
proteasome activity via P20-assay, based on the method of Adams
and colleagues (1999). For determination of the effective
concentration 50% (EC50) A549 cells were infected with PR8 (MOI
of 0.001) and subsequently VL-01 treatment was started by adding
culture medium with different concentrations of VL-01 (0–64 lM).
Progeny virus in the supernatant of infected and treated cells was
measured by plaque assay as described in Section 2.4. For calcula-
tion, each experiment was repeated three times independently
with each comprising triplicates.

The cytotoxic concentration (CC50) of VL-01 was determined in
A549 and MDCK cells as well in primary hepatocytes, tonsils and
peripheral blood mononuclear cells. All cell types were incubated
with different VL-01 concentrations (0.1–50 lM) for 24 h followed
by a washing step and further incubation with VL-01 for 24, 48 or
72 h. After 48, 72 or 96 h of incubation with VL-01 in total, cytotoxic
effects were measured. The effect in A549 cells and primary
hepatocytes were examined by a water-soluble tetrazolium salt
(WST-1) assay according to the manufactures protocol (Roche
Diagnostics, Mannheim, Germany). MDCK cells were stained with
crystal-violet as described by Lison and colleagues (2008). For the
evaluation of cytotoxic effects in tonsils and PBMCs over a time of
72 h, cells were measured as apoptotic and necrotic cells by FACS
analysis via annexin V/propidium iodide staining as described in
the distributors protocol (Vybrant� Dead Cell Apoptosis Kit Invitro-
gen, Darmstadt, Germany). All experiments were done as tripli-
cates. Results evaluated by GraphPad prism software showing a
cytotoxic effect dependent on the VL-01 concentration (Nicole
Studtrucker and Daniel Lüftenegger; unpublished data).

2.6. Virus inoculation of mice

Six- to eight-week-old BALB/c mice were obtained from the ani-
mal breeding facilities at the FLI. Before intranasal inoculation with
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MB1 (H5N1) or PR8 (H1N1), mice were anaesthetized by intraperi-
toneal 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
phosphate buffered saline (PBS)). All animal studies were approved
by the Institutional Animal Care and Use Committee of Tuebingen.

2.7. VL-01-treatment of mice and virus infection

The aerosol-treatment of mice was performed in a self-made
aerosol-application-device were four mice can be treated. For
fumigation of dissolved VL-01 or solvent the PARI LC SPRINT� STAR
nebulizer (PZN: 3870078 PARI GmbH, Starnberg, Germany) was
used. The solutions were nebulized at 3 bar air pressure for 15 or
30 min. Discharged air was aspirated with 8 l/min via a vacuum-
pump to ensure optimal air/aerosol flow. For prophylactic studies
mice were treated via the aerosol route 1 h prior to viral inocula-
tion. For infection, mice were anaesthetized by intraperitoneal
injection of ketamine/rompun and infected intranasally with the
5-fold MLD50 of different influenza A virus strains. After infection
mice were treated at different time points, every 12 h, either with
VL-01 or solvent. According to the experimental setup, body
weight and visual clinical symptoms of mice were monitored for
a 21-day observation period or lungs of VL-01-treated and sol-
vent-treated control mice were collected 24, 48, 72 h after infec-
tion and viral titers were determined by plaque assay.

2.8. Cytokine analysis

All cytokine assays were performed using a multi Bio-Plex Pro-
tein Array System from BioRad (Bio-Rad Laboratories, Munich, Ger-
many). To investigate the LPS induced cytokine response and the
ability of VL-01 to modulate this response, four mice were 2 h prior
to LPS treatment (lipopolysaccharides from Escherichia coli 055:B5,
Sigma, Germany, 20 lg/mice) intravenously treated with 25 mg/kg
VL-01 and four with diluent. At 1.5 and 3 h after LPS treatment ser-
um samples were taken and the cytokine profile was measured. In
a second experiment the avian H5N1 virus A/mallard/Bavaria/1/
2006 (MB1) was used as a cytokine inducer. A group of seven mice
were i.v. treated with 25 mg/kg VL-01 2 h prior to virus infection
(MB1, 10-fold MLD50), compared to seven mock-treated mice. Ser-
um samples were collected at 0, 12, 30 and 72 h after infection and
cytokines were measured.

2.9. Immunofluorescence

A549 or MDCK cells were infected with RB1 (H1N1), PR8
(H1N1) or MB1 (H5N1) with a MOI of 1 in the absence or presence
of 2 lM VL-01. After 4, 6, 8 and 12 h p.i., cells were fixed for 30 min
in 4% buffered paraformaldehyde at 4 �C. The fixed cells were
washed twice with PBS and permeabilized. Cells were fluorescently
labeled using primary mouse anti-Influenza A nucleoprotein anti-
bodies (AbD Serotec) and secondary Alexa Fluor� 555 F(ab0)2 frag-
ment of goat anti-mouse IgG (H + L) antibodies (Invitrogen). Nuclei
were stained using DAPI (Fluka). Afterwards, cells were mounted
with ProLong Gold Antifade Medium (Invitrogen, Darmstadt,
Germany), and analyzed by the Apotome Care Invert Microscope
Labovert FS (Leitz, Wetzlar, Germany) and the AxioVision Rel 4.5
(Carl Zeiss Imaging, Oberkochen, Germany).

2.10. Statistical analysis

Error bars are given as the SEM. For the calculation of the signif-
icance of differences, the paired t-test (p 6 0.05) or the log-rank test
was performed. All analyzes were performed using GraphPad
Prism version 5.00 for Windows (GraphPad Software, San Diego,
CA, USA).
3. Results

3.1. VL-01 inhibits proteasome activity and influenza virus replication
in vitro

The pharmacological parameters, inhibition concentration 50%
(IC50), cytotoxic concentration (CC50) and effective concentration
50% (EC50) are most important to develop an antiviral drug. There-
fore, we determined these parameters for the proteasome inhibitor
VL-01. To examine the concentration of VL-01 to inhibit the protea-
some activity up to 50% (IC50), human lung adenocarcinoma epi-
thelial cells (A549) were treated with different concentrations of
VL-01 (0.1–50 lM). On different time points post infection (4, 8,
24 and 32 h) the proteasome activity was measured using the
P20-assay (measurement of chymotrypsin-like activity of the 20S
subunit from the 26S proteasome). The proteasome inhibition by
VL-01 showed a time-dependent effect. After 4 and 8 h the IC50 val-
ues ranged between 2.7 and 1.8 lM, whereas after 24 and 32 h the
IC50 was approximately 1 lM (Fig. 1A). The cytotoxic effect (CC50)
of VL-01 treatment was assayed on A549 and MDCK cells with dif-
ferent concentrations of VL-01 (0.1–50 lM). After incubation peri-
ods of 24, 48, 72 and 96 h the cell viability was measured by the
WST-1 assay or crystal-violet staining. In terms of the IC50 value
of proteasome inhibition of 1 lM after 24 h, we could show that
there was no cytotoxic effect of VL-01 after this treatment period.
The CC50 was found at approximately 4 lM after 24 h in A549 cells
and there was no toxic effect on MDCK cells neither after 24 nor
48 h (Fig. 1B and C). A longer incubation of 48, 72 or 96 h shows
a CC50 in A549 cells between 2.8 and 3.6 lM (Fig. 1B and C). In
addition to these cell lines, different primary human cell lines,
e.g. primary hepatocytes, tonsils and peripheral blood mononu-
clear cells reveals similar CC50 values (ViroLogik GmbH, unpub-
lished data). Next, the effective concentration of 50% (EC50),
which demonstrates the ability to reduce influenza A virus titer
up to 50%, was analyzed by measurement of progeny virus in pres-
ence of different VL-01 concentrations (0–64 lM) in infected A549
cells after 24 h. VL-01 showed an EC50 value of approximately
1.7 lM in A/Puerto Rico/8/34 (H1N1, PR8) infected cells (Fig. 1D).
The EC50 of A/Regensburg/D6/09 (H1N1v, RB1) infected cells is
about 2.4 lM (Fig. 1E) and for the A/Mallard/Bavaria/1/2006
(H5N1, MB1) virus 0.82 lM (Fig. 1F). The IC50 and EC50 – i.e. the
concentrations which are effective to inhibit the proteasome
(1 lM) or virus replication (1.7 lM), respectively, were found be-
low the concentration where VL-01 showed cytotoxic effects
(4 lM). The window between antiviral activity and cytotoxic ef-
fects was not very broad in these studies. However, this may not
be surprising, as the A549 adenocarcinoma cell line represents
highly proliferating tumor cells that are known to be inhibited by
proteasome inhibitors.
3.2. Reduction of lung virus titer in mice after VL-01 treatment

To further analyze the anti-influenza A virus potential, in vivo
experiments were performed in the mouse model. In this context
we wanted to investigate the VL-01 concentration that is most
effective in reducing influenza virus replication in vivo. Therefore,
mice were aerosol-treated 1 h prior to human influenza A virus
infection (PR8, H1N1, 5-fold MLD50) with different concentrations
of VL-01 (0–227.4 mg/kg). After 24 h mice were sacrificed and
viral titers in the lungs were measured by plaque assay. As
shown in Fig. 2A, an antiviral effect of VL-01 on progeny virus
titer in the lung was found which increased with increasing



Fig. 1. Determination of the inhibition concentration 50% (IC50) (A), cytotoxic concentration (CC50) (B and C) and effective concentration 50% (EC50) (D–F) of VL-01. A549 cells
were treated with different concentrations of VL-01 (0.1–50 lM) and at different time points (4, 8, 24 and 32 h) the proteasome activity was measured by P20-assay
(measurement of chymotrypsin activity of the 20S subunit from the 26S proteasome). Cytotoxic effects of VL-01 treatment were assayed on A549 and MDCK cells with
different concentrations of VL-01 (0.1–50 lM). After the incubation period of 24, 48, 72 and 96 h the cell viability was measured by WST-1 assay or crystal-violet staining. The
EC50 was analyzed 24 h past infection by plaque assay. Therefore, A549 cells were infected with PR8 (D), RB1 (E) or MB1 (F) (MOI of 0.001) and subsequently VL-01 treatment
was started by adding infection medium with different concentrations of VL-01 (0–64 lM). For calculation, each experiment was repeated three times independently with
each comprising triplicates.

E. Haasbach et al. / Antiviral Research 91 (2011) 304–313 307
VL-01 doses up to 113.7 mg/kg. No adverse effects were seen,
even at the highest doses of VL-01 used for single aerosol treat-
ment (data not shown). The calculated in vivo EC50 was
31.9 ± 7.5 mg/kg. Since a concentration of 14.1 mg/kg VL-01 was
also sufficient to reproducible reduce progeny virus titer up to
1.1 ± 0.3 log10 pfu, this concentration was used for most of the
further aerosol treatment experiments. It has to be noted that
the aerosol device allows a drug deposition of approximately
1% of the evaporated drug in the lungs. Thus, the maximum
amount of VL-01 that will reach the lung will be roughly
0.14 mg/kg (2.8 lg per mouse).

After finding the optimal VL-01 concentration in vivo we ad-
dressed the question, whether this concentration was able to in-
duce adverse effects after multiple treatments. Therefore, we
treated mice either with 14.1 mg/kg VL-01 or solvent by daily aer-
osol-treatment over a period of 10 days. The physical parameters
and the body weight of the animals were monitored daily
(Fig. 2B). There were no evidences for toxic side effects during
the whole observation period, neither change in body weight nor
in any physical parameters. In a second study to investigate toxic-
ity of VL-01 in mice, the animals were treated intraperitoneal (i.p.)
for 14 days using two different mouse strains. With this assay
mouse toxic doses (MTD) of 25 mg/kg (DmVk-mice) and 150 mg/
kg (CD1 nu/nu mice) VL-01 were determined. Study of the acute
toxicity in mice of VL-01 revealed that LD10/LD50 value following
single intravenous administration equals to 57.2 (LD10) and
135.5 mg/kg (LD50). Furthermore, effective doses were tolerated
in animal models with repeated i.p. doses of VL-01. A i.p. dose of
150 mg/kg appears to be the suitable dose for the mice model (data
not shown).



Fig. 2. Determination of the optimal VL-01 concentration for aerosol application
in vivo. Four BALB/c mice were aerosol-treated 1 h prior to infection (PR8, H1N1, 5-
fold MLD50) with different concentrations of VL-01 (0–227.4 mg/kg). After 24 h
mice were sacrificed and the viral lung titers were measured by plaque assay (A)
(n = 4, ⁄p < 0.05). Investigation of toxic side effects after 10-day VL-01 treatment.
Two groups of four BALB/c mice were treated either with 14.1 mg/kg VL-01 or
solvent alone. The aerosol-treatment was applied once a day over a period of
10 days. The physical parameters and body weight of the animals were monitored
daily (B) (n = 4).

308 E. Haasbach et al. / Antiviral Research 91 (2011) 304–313
3.3. Prolonged VL-01 aerosol-treatment leads to an increased antiviral
effect

Optimization of frequency and duration of drug application is
very important for efficient antiviral treatment. Thus, we raised
the question whether multiple daily treatment or prolongation of
drug-delivery time would improve antiviral activity. Therefore, we
treated mice once with 14.1 mg/kg VL-01 1 h prior to infection
(PR8, H1N1, 5-fold MLD50) or twice (one prior and 11 h past infec-
tion). After 24 h mice were sacrificed and viral titers in the lungs
were measured by plaque assay. A second treatment of mice with
14.1 mg/kg VL-01 resulted in an enhanced reduction of progeny
virus titer in the lung (3.4 ± 0.06 log10 pfu) compared to single treat-
ment (3.6 ± 0.13 log10 pfu). In comparison, in mock treated animals
a viral titer of 4.6 ± 0.15 log10 pfu was measured (Fig. 3A and B).

The impact of the duration of aerosol-treatment was investi-
gated by single treatment of mice for either 15 or 30 min resulting
in a final VL-01 dose of 14.1 or 28.2 mg/kg, respectively. Less virus
was found in the lung after 24 h and 30 min treatment (2.3 ±
0.08 log10 pfu) compared to only 15 min treatment (2.8 ± 0.03
log10 pfu) (Fig. 3C and D). Mock treated animals showed viral titers
of 3.5 ± 0.08 log10 pfu. Taken together, the deposition of increased
amounts of VL-01 was found to lead to an increased antiviral effect
in mice.

3.4. Increased survival of human influenza A virus infected mice after
VL-01 treatment

To examine the antiviral effect of VL-01 on survival, we used the
optimized parameters, dose, frequency and duration to perform a
prophylactic survival experiment. Thus, we treated mice with
14.1 mg/kg VL-01 or solvent one hour prior to infection (PR8,
H1N1, 5-fold MLD50) for 30 min. Mice were treated every 12 h for
four days. The physical parameters, body weight, onset of disease
and survival were monitored daily for 21 days. The body weight-
curve shows a nearly similar course for mock and VL-01 treated
mice until day 6 (Fig. 4A). All mice developed the first disease symp-
toms by day 3 post infection. Within a few days, the symptoms in
the mock-treated group became severe and resulted in high disease
scores and finally in death. In contrast, VL-01-treated mice showed
a delayed development of severe symptoms (Fig. 4B). At day 7, three
out of four mock-treated mice died, whereas only one out of four
VL-01-treated mice died. The last mock-treated mouse died at
day 8 past infection. At day 9, a second VL-01-treated mouse died.
The two remaining VL-01-treated mice raised their body weight
constantly until day 19 where they accomplished again their start-
ing weight (Fig. 4C). This experiment was performed several times
with similar results (data not shown). In summary, VL-01 treatment
of mice starting prior to infection with human H1N1 influenza A
virus leads to a survival rate of approximately 50% compared to
100% lethality found in mock-treated mice.

3.5. VL-01 treatment reduces cytokine release induced by LPS
stimulation or by infection with highly pathogenic avian H5N1
influenza A virus

It is well known that highly pathogenic avian influenza A
viruses induce release of a wide pattern of cytokines and chemo-
kines called hypercytokinemia or cytokine storm. To investigate
whether VL-01 treatment has an influence on the amount of cyto-
kine and chemokine release, we used LPS as a positive control; a
well-known cytokine- and chemokine inducer that acts as a com-
mon model to investigate anti-inflammatory effects (Carlsen
et al., 2004; Errea et al., 2010). To examine the influence of VL-01
on influenza A virus mediated cytokine and chemokine release
we used the highly pathogenic avian influenza A virus strain A/
Mallard/Bavaria/1/2006 (MB1, H5N1). First, we investigated the
LPS induced cytokine response and the ability of VL-01 to modulate
this response. In order to test the effect of the proteasome inhibitor
VL-01 on induced cytokine release, mice were treated intrave-
nously (i.v.) 2 h prior to LPS (20 lg/mice) application with 25 mg/
kg VL-01. As mentioned in Section 3.2 this concentration is not
toxic for mice. At 1.5 and 3 h after LPS challenge serum samples
were taken and the cytokine profile was measured. Mock-serum
was taken 4 h prior to any treatment.

In a second experiment infection with the highly pathogenic
avian influenza A virus, MB1 (H5N1) was used as a cytokine indu-
cer. Mice were treated i.v. with 25 mg/kg VL-01 2 h prior to virus
infection (MB1, 10-fold MLD50). Serum samples were collected at
0, 12, 30 and 72 h after infection and cytokines were measured
by using multiplex assay (BioRad). VL-01 treatment significantly
reduced LPS induced cytokines IL-1b, IL-6, MIP-1b, RANTES and
TNF-a, either on both time points 1.5 and 3 h (IL-1b, MIP-1b and
RANTES) after induction or at one of the time point (1.5 h, IL-6;
3 h, TNF-a) (Fig. 5A–E).

Similar to LPS induction, the cytokines and chemokines induced
by an avian H5N1 influenza A virus infection could also signifi-
cantly be reduced by VL-01 treatment (Fig. 5 right panel, F–J).
The IL-1a and TNF-a serum levels in VL-01 treated mice showed
a significant reduction at 12 and 30 h after infection, compared
to mock-treated mice. VL-01 treatment reduced the IL-6 serum le-
vel at 12 and 72 h after infection. The level of MIP-1b was only re-
duced at 72 h after infection, compared to untreated control group.
In contrast, the expression of RANTES was only marginally altered
by VL-01 treatment.

In summary, this experiment demonstrated that VL-01 reduced
the systemic cytokine and chemokine release induced by avian
H5N1 influenza A virus infection in mice.



Fig. 3. Optimal frequency and duration of VL-01 treatment. BALB/c mice were either treated once with 14.1 mg/kg VL-01 for 1 h prior to infection (PR8, H1N1, 5-fold MLD50)
or twice (one prior and 11 h after infection). After 24 h mice were sacrificed and viral lung titers were measured by plaque assay (A in pfu/ml, B in %, n = 4, ⁄p < 0.05). Mice
were treated once for 15 or 30 min with VL-01 resulting in a final dose of 14.1 or 28.2 mg/kg, respectively. After 24 h mice were sacrificed and viral lung titers were measured
by plaque assay (C in pfu/ml, D in %, n = 4, ⁄p < 0.05).

Fig. 4. BALB/c mice were treated with 14.1 mg/kg VL-01 or solvent one hour prior to infection (PR8, H1N1, 5-fold MLD50) for 30 min. The mice were treated every 12 h for
4 days. The physical parameters, body weight (A), onset of disease (B) and survival of animals (C) were monitored daily. Several experiments show similar results (n = 4,
⁄p < 0.05, log-rank test).
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3.6. VL-01 treatment leads to a delayed nuclear export of viral RNPs
in vitro

It is well known that NF-jB promotes influenza A virus produc-
tion and enhances the nuclear export of viral RNPs (vRNP) via acti-
vation of caspase-3 (Planz, 2006; Wurzer et al., 2003). Next, we
investigated whether the influenza virus vRNP-export is influenced
by VL-01 treatment. Therefore, the nuclear export of the nucleo-
protein (NP), the major part of the vRNP complexes, was analyzed
by fluorescent microscopy in A549 and MDCK cells. Cells were



Fig. 5. Cytokine and chemokine expression after LPS treatment or avian H5N1 influenza A virus infection. Two-hour prior to LPS treatment (20 lg/mice) mice were i.v. treated
with 25 mg/kg VL-01. Serum samples were taken 4 h before (control serum) and 1.5 and 3 h after LPS application and cytokine profile was measured by multiplex assay (left
panel, A–E). In a second experiment, the avian H5N1 virus A/mallard/Bavaria/1/2006 (MB1) was used as a cytokine inducer. Mice were i.v. treated with 25 mg/kg VL-01 2 h
prior to virus infection (MB1, 10-fold MLD50). Serum samples were collected at 0, 12, 30 and 72 h after infection and cytokines were measured by multiplex assay (right panel,
F–J) (n = 4–7, ⁄p < 0.05). Note, IL-1a was not reduced after LPS induction, as well as no reduction for IL-1b by influenza infection.
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infected with human influenza virus PR8 (H1N1), pandemic influ-
enza virus RB1 (H1N1v) and highly pathogenic avian influenza
virus MB1 (H5N1) in the absence or presence of 2 lM VL-01. After
6 h, cells were fixed and stained against NP and visualized by



Fig. 6. VL-01 treatment of influenza A virus infected A549 cells results in nuclear
retention of viral NP in the nucleus. A549 cells were infected with RB1 (H1N1) (A),
PR8 (H1N1) (B) or MB1 (H5N1) (C) (MOI 1) in the absence or presence of 2 lM VL-
01. Six hours p.i. cells were subjected to immunofluorescence analyzes using an
anti-NP antibody to stain for viral RNP complexes; cell nuclei were counterstained
with DAPI.
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fluorescent microscopy. Studies in either RB1, PR8 or MB1 infected
A549 cells showed that 6 h after infection NP is detectable in the
cytoplasm of mock-treated cells (untreated) (Fig. 6A–C, upper
panel) while in VL-01 treated cells NP is still located in the nucleus
(Fig. 6A–C, lower panel). Similar results were found on MDCK cells
(Supplementary Fig. S1). That demonstrates that vRNP export is
efficiently impaired in the presence of VL-01 after influenza A virus
infection.
4. Discussion

It is well known that influenza A virus recruits host cell factors
for efficient replication (Ehrhardt et al., 2010; Konig et al., 2010;
Ludwig et al., 1999; Watanabe et al., 2010). Therefore, it is trace-
able that targeting host cell factors could be a promising approach
for new antiviral drugs. We were able to demonstrate that influ-
enza virus infection of host cells leads to biphasic activation of
the Raf/MEK/ERK signaling pathway and that inhibition of this
pathway on the level of MEK leads to reduction in progeny virus
(Ludwig et al., 2004; Pleschka et al., 2001). MEK inhibitors evalu-
ated for cancer treatment in a phase I evaluation revealed that re-
peated treatment for 21 consecutive days was well tolerated
(Lorusso et al., 2002). In another study we were able to demon-
strate that acetylsalicylic acid (ASA) is highly effective against
influenza virus (Mazur et al., 2007). ASA functions as an IKK/NF-
jB inhibitor by interacting with IKK-b to reduce ATP binding activ-
ity (Yin et al., 1998). Under normal conditions, NF-jB is held in an
inactive state in a cytoplasmic complex with its inhibitory protein
(IjB). Phosphorylation of IjBa targets IjB for ubiquitination and
subsequent proteasomal degradation. NF-jB is released for nuclear
translocation and transcriptional activation, which is also a prere-
quisite for efficient influenza virus replication.

Thus, targeting host cell factors with clinically established com-
pounds might be a promising strategy for the development of new
antivirals against influenza viruses.

In this context, we wanted to investigate whether inhibition of
the proteasome might be such a strategy, since efficient degrada-
tion of IjB by the proteasome is needed to activate the NF-jB path-
way (Karin and Ben-Neriah, 2000). Inhibition of the proteasome-
mediated degradation leads to retention of NF-jB in the cytoplasm
that should finally lead to reduced virus replication. Because of the
vital function of UPS, the usage of proteasome inhibitors in humans
is not trivial, in order to avoid adverse events. Nevertheless, pro-
teasome inhibitors are being used against cancer. The proteasome
inhibitor PS-341 (Velcade) has got the market approval by the FDA
for relapsed and refractory multiple myeloma (Richardson et al.,
2003, 2005; San Miguel et al., 2008).

The goal of this study was to determine whether a newly de-
signed proteasome inhibitor – VL-01 – would function as an anti-
viral agent against influenza A virus in mice. The EC50 value of
VL-01 against H1N1 influenza virus on A549 cells revealed activity
in the low lM range. For delivery of the substance in vivo, we
decided to use an aerosol route for local delivery instead of sys-
temic application. An in vivo dose–response experiment (Fig. 2A)
showed that highest reduction of virus titer in the lung could be
achieved when 14.1 mg/kg VL-01 or more were administered to
the animals. Interestingly, an increase of the amount of VL-01
did not lead to a significant further increase in reduction of viral ti-
ters in the lung. Therefore, a dose of 14.1 mg/kg VL-01 was used for
further studies. This amount did not lead to any adverse side ef-
fects in the mouse. In this light, Ma and colleagues investigated
the antiviral effect of proteasome inhibitors PS-341 and MG-132
in a murine model against SARS and described also no adverse ef-
fects (Ma et al., 2010). In various experiments we were able to
show that delivery of VL-01 at a concentration of 14.1 mg/kg re-
sulted in reduction of the viral titer in the mouse lung by more
than one order of magnitude and a prolonged survival rate of
50%. Intriguingly, earlier studies have demonstrated that 1.2 lM
of VL-01 is needed for inhibition of 50% of the NF-jB activity (data
not shown). In this context, the amount of proinflammatory cyto-
kines and chemokines were drastically reduced after i.v. VL-01
treatment of H5N1 infected mice or LPS treated mice (IL-1a/b, IL-
6, MIP-1b, RANTES and TNF-a). Since the cytokine/chemokine gene
expression is largely mediated and/or regulated by NF-jB (Homma
et al., 2010; Lakshmanan and Porter, 2007; Pahl and Baeuerle,
1995), our data demonstrate that NF-jB function is impaired even
when low concentrations of VL-01 were applied using i.v. applica-
tion. However, fluorescent microscopy of the viral NP visualized
that vRNP export is reduced in the presence of VL-01. This indi-
cates an antiviral effect of VL-01 by inhibition of NF-jB via reduced
proteasome-activity. In the study by Ma and colleagues, the
authors also demonstrated a reduction of cytokine gene expression
in mice after PS-341 treatment (Ma et al., 2010). This is in line with
our observations. In this context, it has to be noted that VL-01
treatment of H5N1 infected mice led only to marginal reduction
of virus titer in the lung and no differences regarding survival
and severity of diseases. Since cytokines and chemokines were
drastically reduced, this might be another example that the patho-
genicity of HPAIV is more complex than currently known (Salomon
et al., 2007). Using another model, i.e. H7N7 (FPV) infected mice,
VL-01 induced a moderate reduction in viral titers in the lungs
and a moderate increase in survival (25% in VL-01 treated mice
vs. 0% in mock treated mice).

Expression of cytokines and chemokines (hypercytokinemia or
cytokine storm) is a hallmark after influenza A virus infection, in
particular with highly pathogenic avian influenza virus or pandemic
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strains. This cytokine and chemokine deregulation of the immune
system leads to higher virus loads as well as higher lethality (Cheng
et al., 2010; de Jong et al., 2006). Thus, in addition to controlling the
virus replication it is also necessary to control the expression of pro-
inflammatory cytokines, particularly in severe cases of influenza
virus infection. Glucocorticoid-mediated suppression of cytokine
expression might be beneficial to treat for the development of influ-
enza, but might also negatively influence the induction of the innate
and adaptive immune response mediated by various cytokines and
chemokines. Therefore, the use of glucocorticoids to treat severe
influenza, accompanied with hypercytokinemia, is controversially
discussed. VL-01 applied locally – directly into the lung – might
have an advantage, since VL-01 has antiviral activity and antiinflam-
matory activity. Since the drug is given locally, accordingly the local
inflammatory status at the application site, i.e. the lungs, rather than
the systemic immune response will be affected.

In summary, this study presents evidence that proteasome
inhibitors might be able to inhibit influenza virus replication via
impaired vRNP export and induction of inflammatory cytokines.
Nevertheless, the only marginal effect after H5N1 influenza A virus
infection of mice indicate that a modification of the VL-01 formu-
lation and/or of the application scheme may be required to assure a
better up-take and deposition in the lung. Recently it was pub-
lished that the proteasome inhibitor MG132 shows anti-influenza
virus activity by targeting a post-fusion step (Widjaja et al.,
2010). In our study, we demonstrate a new class of proteasome
inhibitors (VL-01), which also might be used in combination with
other antivirals in case of severe influenza A virus infection. In case
of intensive care hospitalization due to influenza A virus infection,
it might be of great advantage to counteract the disease pattern
efficiency with antivirals having bivalent properties to fight against
the virus and ameliorate the cytokine storm induced by influenza
virus infection. These results suggest that proteasome inhibition
by VL-01 is a novel therapeutic intervention that might be consid-
ered in case of severe influenza virus infection.
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