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Recently it has been shown that the proinflammatory NF-�B pathway promotes efficient influenza virus
propagation. Based on these findings, it was suggested that NF-�B blockade may be a promising approach for
antiviral intervention. The classical virus-induced activation of the NF-�B pathway requires proteasomal
degradation of the inhibitor of NF-�B, I�B. Therefore, we hypothesized that inhibition of proteasomal I�B
degradation should impair influenza A virus (IAV) replication. We chose the specific proteasome inhibitor
PS-341, which is a clinically approved anticancer drug also known as Bortezomib or Velcade. As expected,
PS-341 treatment of infected A549 cells in a concentration range that was not toxic resulted in a significant
reduction of progeny virus titers. However, we could not observe the proposed suppression of NF-�B-signaling
in vitro. Rather, PS-341 treatment resulted in an induction of I�B degradation and activation of NF-�B as well
as the JNK/AP-1 pathway. This coincides with enhanced expression of antiviral genes, such as interleukin-6
and, most importantly, MxA, which is a strong interferon (IFN)-induced suppressor of influenza virus
replication. This suggests that PS-341 may act as an antiviral agent via induction of the type I IFN response.
Accordingly, PS-341 did not affect virus titers in Vero cells, which lack type I IFN genes, but strongly inhibited
replication of vesicular stomatitis virus (VSV), a highly IFN-sensitive pathogen. Thus, we conclude that PS-341
blocks IAV and VSV replication by inducing an antiviral state mediated by the NF-�B-dependent expression
of antivirus-acting gene products.

Influenza A viruses are highly contagious pathogens for hu-
mans and several animal species. Activation of the proinflam-
matory nuclear factor �B (NF-�B) pathway is a hallmark of
influenza A virus infection (17, 69). This pathway is commonly
known to exert antiviral activity because it regulates the ex-
pression of inflammatory cytokines, chemokines, and immuno-
receptors, as well as beta interferon (IFN-�), one of the most
potent antiviral cytokines (61). However, recently it has been
shown by us and others that influenza A viruses exploit this
signaling pathway for efficient replication (78). Several mech-
anisms have been proposed to be involved in the virus-sup-
portive action of NF-�B. The NF-�B-dependent expression of
the proapoptotic factors FasL and TRAIL has been demon-
strated to be crucial for efficient viral propagation, resulting in
activation of caspases that in turn promote the nuclear export
of the viral ribonucleoprotein complexes (78, 79). Other stud-
ies have shown that NF-�B inhibits type I IFN-induced antivi-
ral gene expression either by blocking STAT1 activation via
NF-�B-dependent expression of the suppressor of cytokine
signaling 3 (SOCS3) (62) or by direct interference with the
promoter regions of interferon-induced genes (ISGs) (77). Fi-
nally, it has also been suggested that NF-�B directly interferes
with influenza virus RNA synthesis (39). These various virus-

supportive functions imply that NF-�B might be a suitable
target for antiviral intervention (46). Accordingly, it has been
shown that inhibition of NF-�B activity by chemical inhibitors
or the widely used drug acetylsalicylic acid (ASA) results in
impaired influenza virus replication in vitro and in vivo (51, 56).

The classical (or canonical) pathway of NF-�B activation in-
volves release of the NF-�B factors p65 and p50 which, in their
latent state, are complexed with their inhibitory proteins, the
inhibitors of �B (I�Bs), in the cytoplasm. Inducers and activators
of the classical NF-�B pathway are cytokines or environmental
stress conditions and also bacterial or viral infections (59). A
crucial step in NF-�B activation is the initiation of the inhibitor of
I�B kinase (IKK) complex, consisting of three isoenzymes. IKK2
is the most crucial kinase for activation of NF-�B, since it phos-
phorylates I�B at two conserved serine residues in the N-terminal
regulatory domain (Ser32 and Ser36 for I�B�) (30, 31). This
phosphorylation is a signal for polyubiquitination by the ubiquitin
system at conserved lysine residues (9, 31) and leads to degrada-
tion of I�B by the 26S proteasome. The consequence of I�B
degradation is the exposure of the nuclear localization signal in
the p65/p50 complex. Upon further posttranslational modifica-
tions of p65 and p50, NF-�B translocates into the nucleus to act
as a transcription factor (64).

The proteasome is a self-compartmentalizing, multimeric
protease that belongs to the ubiquitin-proteasome system
(UPS) for intracellular protein degradation. It exists within all
eukaryotic cells and is localized in the cytoplasm and in the
nucleus (4, 10, 13, 19). The majority of short-lived but also
long-lived proteins are substrates for the proteasome, high-
lighting the importance of this degradation machinery in many

* Corresponding author. Mailing address: Institute of Molecular
Virology, ZMBE, Westfaelische-Wilhelms-University, Von-Esmarch-
Str. 56, D-48149 Muenster, Germany. Phone: 49 251 83 57791. Fax: 49
251 83 57793. E-mail: ludwigs@uni-muenster.de.

� Published ahead of print on 30 June 2010.
† The authors have paid a fee to allow immediate free access to this

article.

9439



cellular regulatory mechanisms. These include regulation of
cell cycle progression, cell growth, and gene expression, as well
as termination or activation of certain signal transduction cas-
cades. The substrates are marked with a polyubiquitin chain by
the ubiquitin cascade system, which is a signal for subsequent
ATP-dependent degradation into small peptide fragments.
Three different enzymatic activities, responsible for this deg-
radation, can be distinguished: trypsin like, chymotrypsin like,
and caspase like, also known as peptidylglutamyl peptide-hy-
drolyzing activity (4, 34, 35).

A major breakthrough in the analysis of the function of the
proteasome was the identification of proteasome inhibitors
(41, 68, 76). Small peptide aldehydes were the first compounds
found to inhibit the proteasome (75). Since then many other
substances have been identified. It was shown that dipeptidyl
boronic acids are reversible, potent, and selective proteasome
inhibitors, whereas other classes of proteasome inhibitors also
inhibit thiol proteases, such as cathepsins and calpains (1).
PS-341, also known as Bortezomib or Velcade, is one of the
most prominent dipeptidyl boronic acids that inhibit the pro-
teasome. Adams and colleagues (2) developed PS-341 and
showed that it is an agent with effective antitumor activity.
Today, PS-341 is approved by the Food and Drug Admin-
istration for the therapy of relapsed and refractory multiple
myeloma (MM), as well as for the initial treatment of MM
(66, 67, 71).

Since efficient influenza A virus (IAV) replication depends
on an active NF-�B pathway and since the activity of this
pathway is linked to the proteasomal degradation of I�Bs, we
evaluated the antiviral activity of the clinically approved pro-
teasome inhibitor PS-341. We hypothesized that PS-341 treat-
ment should impair IAV replication as a consequence of
preventing NF-�B activity through inhibition of I�B� degra-
dation. This inhibitory effect on the NF-�B pathway has al-
ready been shown for other cells, such as human primary
umbilical vein endothelial cells (HUVEC), renal carcinoma
cell lines, multiple myeloma cell lines, mantle cell lymphoma
cell lines, and pancreatic adenocarcinoma cell lines (3, 15, 24,
29, 60, 65). Indeed, we could show that PS-341 leads to reduced
viral titers. However, in contrast to our assumption, PS-341 did
not prevent I�B� degradation but rather promoted its sus-
tained degradation. The unpredicted hyperactivation of the
NF-�B and the JNK/AP-1 pathways by PS-341 pretreatment
appears to be linked to a priming of the type I interferon
response, which in turn confers an antiviral state to the host
cell.

MATERIALS AND METHODS

Viruses, cell lines, and viral infections. Avian influenza virus A/FPV/
Bratislava/79 (H7N7; FPV) and the human influenza virus A/Puerto-Rico/8/34
(H1N1; PR8; Giessen variant) were originally obtained from the virus strain
collection of the Institute of Virology (Justus-Liebig-University, Gießen, Ger-
many). The human isolate of the avian influenza virus A/Thailand/KAN-1/2004
(H5N1; KAN-1) was originally isolated at the Siriraj Hospital (Mahidol Univer-
sity, Bangkok, Thailand). Vesicular stomatitis virus strain Indiana (VSV) was a
gift from T. Wolff (Robert-Koch Institute, Berlin, Germany). The Madin-Darby
canine kidney cell line (MDCK ��) was grown in minimal essential medium
(MEM). The human alveolar epithelial cell line A549, the human embryonic
kidney cell line HEK293, and the green monkey epithelial cell line Vero were
grown in Dulbecco’s minimal essential medium (DMEM), and the human he-
matopoietic cell line U937 was grown in Roswell Park Memorial Institute Me-
dium (RPMI) 1640. All media were supplemented with 10% heat-inactivated

fetal calf serum (FCS) and antibiotics. Primary HUVEC and primary human
bronchial epithelial cells (HBEpC) were obtained from Promocell (Heidelberg,
Germany) and cultivated in endothelial cell growth medium supplemented with
20 �l/ml FCS, 4 �l/ml endothelial cell growth supplement, 0.1 ng/ml epidermal
growth factor, 1 ng/ml basic fibroblast growth factor, 90 �g/ml heparin, and 1
�g/ml hydrocortisone and in airway epithelial growth medium supplemented
with 4 �l/ml bovine pituitary extract, 10 ng/ml epidermal growth factor, 5 �g/ml
insulin, 0.5 �g/ml hydrocortisone, 0.5 �g/ml epinephrine, 6.7 ng/ml triiodo-L-
thyronine, 10 �g/ml transferrin, and 0.1 ng/ml retinoic acid, respectively. All
experiments with primary cells were carried out at cell population doubling
number 11. All cell lines and cells were cultured at 37°C in a humidified 5% CO2

atmosphere. For infection cells were washed with phosphate-buffered saline
(PBS) and infected with the multiplicities of infection (MOIs) indicated in the
figure legends. Therefore, virus was diluted in PBS/BA (PBS containing 0.2%
bovine serum albumin [BSA], 1 mM MgCl2, 0.9 mM CaCl2, 100 U/ml penicillin,
and 0.1 mg/ml streptomycin) and incubated for 30 min at 37°C and 5% CO2. The
inoculum was aspirated, and cells were washed and incubated with either MEM,
DMEM, or RPMI 1640 containing 0.2% BSA, 1 mM MgCl2, 0.9 mM CaCl2, and
antibiotics (MEM/BA, DMEM/BA, or RPMI 1640/BA, respectively) or primary
cell growth medium containing common supplements. At the indicated time
points supernatants were collected to assess the number of infectious particles by
standard plaque assay. Briefly, MDCK II cells grown to 90% confluence in
six-well dishes were washed and infected with serial dilutions of the supernatants
in PBS/BA for 30 min at 37°C and 5% CO2. The inoculum was aspirated, and
cells were overlaid with 2 ml MEM/BA supplemented with 0.6% agar (Oxoid,
Hampshire, United Kingdom), 0.3% DEAE-dextran (Amersham Pharmacia
Biotech, Freiburg, Germany), and 1.5% NaHCO3 (Gibco Invitrogen, Karlsruhe,
Germany). After incubation at 37°C and 5% CO2 for 2 to 3 days virus plaques
were visualized by staining with neutral red (Sigma-Aldrich, Munich, Germany).

Treatment of cells with different agents. For treatment of cells with PS-341 the
compound was diluted in the appropriate medium to the indicated concentra-
tion. Cells were washed with PBS, medium containing PS-341, or solvent, or no
supplement was added, and cells were incubated as indicated in the figure
legends. For treatment of cells postinfection PS-341 was diluted in the appro-
priate medium containing BSA and supplements and added after the inoculum
was aspirated or at the time points indicated in the figure legends (time-of-
addition kinetics). For activating stimulation of the NF-�B pathway cells were
treated with human tumor necrosis factor alpha (TNF-�; 30 ng/ml, 15 min;
Sigma-Aldrich, Munich, Germany). TNF-� was directly added into the medium.
For proapoptotic stimulation staurosporine (Sigma-Aldrich, Munich, Germany)
was added directly into the medium and incubated for the times indicated in the
figure legends. Cells were always incubated at 37°C with 5% CO2.

Western blot assays. For Western blot analysis cells were washed with PBS
and lysed in RIPA (25 mM Tris-HCl [pH 8], 137 mM NaCl, 10% glycerol, 0.1%
sodium dodecylsulfate, 0.5% sodium deoxycholate, 1% Igepal, 2 mM EDTA [pH
8], 50 mM sodium glycerophosphate, 20 mM sodium pyrophosphate, 1 mM
sodium vanadate, 5 �g/ml leupeptin, and 5 mM benzamidine) at 4°C for a
minimum of 10 min. Supernatants were cleared by centrifugation in a standard
table-top centrifuge (Eppendorf, Hamburg, Germany) at maximum speed at 4°C.
Protein content was estimated by employing a protein dye reagent (Bio-Rad
Laboratories, Munich, Germany). Equal amounts of total protein were separated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
blotted on nitrocellulose membranes (Schleicher & Schuell, Dassel, Germany).

All primary antibodies were diluted 1:1,000 [except for poly(ADP-ribose)
polymerase (PARP) antibody (at 1:500) and interferon regulatory factor 3
(IRF-3) antibody (at 1:200)] in TBST buffer (1 M Tris-HCl [pH 7.6], 3.1 M NaCl,
1% Tween 20) containing 5% BSA and 0.02% sodium azide and incubated
overnight at 4°C. Secondary antibodies were diluted in TBST buffer (anti-mouse
and anti-rabbit at 1:2,500 or anti-goat at 1:5,000) and incubated for 1 h at room
temperature.

Native PAGE. To analyze IRF-3 dimerization, a native PAGE assay was
performed according to the methods of Iwamura and colleagues (28). Briefly,
cells were scraped from 6-cm dishes in 50 �l lysis buffer (50 nM Tris-HCl [pH 8],
1% NP-40, 150 mM NaCl, 100 �g/ml leupeptin, 5 mM sodium vanadate), and
supernatants were cleared by centrifugation in a standard table-top centrifuge
(Eppendorf, Hamburg, Germany) at maximum speed at 4°C. Protein content was
estimated by employing a protein dye reagent (Bio-Rad Laboratories, Munich,
Germany). Equal protein amounts were separated in sample buffer (125 nM
Tris-HCl [pH 8], 30% glycerol, bromphenol blue) on a 7.5% polyacrylamide gel
with a two-buffer system (upper chamber buffer, 25 mM Tris-HCl [pH 8.4], 192
mM glycine, and 1% sodium deoxycholate; lower chamber buffer, 25 mM Tris-
HCl [pH 8.4] and 192 mM glycine) at a constant 20 mA on ice. Afterwards the
gel was soaked in SDS-PAGE running buffer (25 mM Tris-HCl [pH 8.4], 250 mM
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glycine, 0.1% SDS) for 30 min, and the proteins were blotted on nitrocellulose
membranes (Schleicher & Schuell, Dassel, Germany).

Inhibitors, antibodies, and reagents. PS-341 was purchased from Selleck
Chemicals LLC and stored as a stock solution of 100 �M dissolved in PBS at
�80°C. Staurosporine was obtained from Sigma-Aldrich (Munich, Germany).
The monoclonal antibody anti-PARP was purchased from BD Transduction
Laboratories (Heidelberg, Germany). Antisera against the influenza virus pro-
teins PB1 and M1 were obtained from Santa Cruz Biotechnology (Heidelberg,
Germany). To detect posttranslational modification of NF-�B p65 and to detect
general NF-�B p65 expression, a phospho-specific antibody against Ser536 and a
pan-antibody (Cell Signaling Technology, Frankfurt am Main, Germany) were
used, respectively. I�B� was detected by using a polyclonal antibody from Santa
Cruz Biotechnology (Heidelberg, Germany). To determine the activity of the
mitogen-activated protein kinase (MAPK) JNK and of its downstream targets
ATF-2 and c-Jun, phospho-specific antibodies against phospho-Thr183 and
Tyr185 JNK (BD Transduction Laboratories, Heidelberg, Germany) and phos-
pho-Ser63 c-Jun and phospho-Thr71 ATF-2 (Cell Signaling Technology, Frank-
furt am Main, Germany) were used. Monomeric and dimeric IRF-3 were de-
tected by using a polyclonal rabbit antibody from Santa Cruz Biotechnology
(Heidelberg, Germany). Antisera against cellular extracellular signal-regulated
kinase 2 (ERK2), JNK1, �-tubulin, and ATF-2 for loading controls were ob-
tained from Santa Cruz Biotechnology (Heidelberg, Germany), Sigma-Aldrich
(Munich, Germany), and Cell Signaling Technology (Frankfurt am Main, Ger-
many).

Flow cytometry analysis. To determine overall viability of A549 cells after
PS-341 treatment, a propidium iodide (PI; Sigma-Aldrich, Munich, Germany)
staining procedure was performed. Therefore, A549 cells were incubated with
PS-341 as described in the figure legends. For analysis both adherent and de-
tached cells were collected, washed with PBS, and incubated with a PI solution
(50 �g/ml PI in PBS) for 15 min at room temperature. Afterwards cells were
washed and fluorescence was determined in the FL2 channel of a FACScalibur
cytometer (Becton Dickinson, Heidelberg, Germany).

MTT cell proliferation assay. The pale yellow tetrazolium salt 3-(4,5-dimeth-
ylthiazol-2-yl)-2,5-diphenyl-tetrazoliumbromide (MTT; Sigma-Aldrich, Munich,
Germany) can be a substrate for the mitochondrial succinate dehydrogenase and
cleaved to form the dark violet formazan, which accumulates in viable and
proliferating cells. An MTT cell proliferation assay was used to determine
whether PS-341 has an influence on the proliferative and metabolic capacities of
cells. Therefore, cells were treated with PS-341 for the indicated times. After-
wards an MTT-PBS solution (5 mg/ml) was added, and cells were incubated for
an additional 2 h at 37°C and 5% CO2. The supernatants were aspired, and cells
were subsequently lysed with dimethyl sulfoxide (DMSO). Absorbance was mea-
sured at 562 nm by using an Emax Precision microplate reader (Molecular
Devices, Sunnyvale, CA), and the untreated control result was arbitrarily set as
100% metabolic active cells.

Proteasome activity assay. The proteasome activity was measured using the
commercially available Proteasome-Glo chymotrypsin-like cell-based assay from
Promega (Mannheim, Germany). Briefly, cells were treated with PS-341 and
infected with avian FPV. Afterwards Proteasome-Glo cell-based reagent was
added, and cells were incubated for an additional 30 min at room temperature.
Then, luminescence was measured using the MicroLumatPlus LB 96V lumino-
meter (Berthold Technologies, Bad Wildbad, Germany), and untreated control
results were arbitrarily set as 100% of chymotrypsine-like activity of all cellular
26S proteasomes.

Reverse transcription and quantitative real-time PCR. To analyze the tran-
scription of certain genes, mRNA of differently treated A549 cells was isolated
and subjected to reverse transcription as described elsewhere (62). For quanti-
fication, real-time PCR was performed using the Mx Pro 3005P cycler (Agilent
Technologies/Stratagene, Santa Clara, CA), and changes in the transcription of
the gene of interest were ascertained as the difference between the transcription
of the housekeeping gene for glyceraldehyde 3-phosphate dehydrogenase
(GAPDH) and the gene of interest by using the 2���CT method (43).

The following human primers were used: GAPDH_fwd, 5�-GCA AAT TTC
CAT GGC ACC GT-3�; GAPDH_rev, 5�-GCC CCA CTT GAT TTT GGA
GG-3�; IFN-�_fwd, 5�-GGC CAT GAC CAA CAA GTG TCT CCT CC-3�;
IFN-�_rev, 5�-GCG CTC AGT TTC GGA GGT AAC CTG T-3�; MxA_fwd,
5�-GTT TCC GAA GTG GAC ATC GCA-3�; MxA_rev, 5�-GAA GGG CAA
CTC CTG ACA GT-3�; IL-6_fwd, 5�-AGA GGC ACT GGC AGA AAA CAA
C-3�; IL-6_rev, 5�-AGG CAA GTC TCC TCA TTG AAT CC-3�; IL-8_fwd,
5�-CTT GTT CCA CTG TGC CTT GGT T-3�; IL-8_rev, 5�-GCT TCC ACA
TGT CCT CAC AAC AT-3�; CCL5_fwd, 5�-CGG CAC GCC TCG CTG TCA
TC-3�; CCL5_rev, 5�-GCA AGC AGA AAC AGG CAA AT-3�.

RESULTS

PS-341 has no cytotoxic or proapoptotic effects in cells.
PS-341 is a dipeptidyl boronic acid that inhibits the 26S pro-
teasome. It is clinically approved for the treatment of MM and
shows cytotoxic or apoptosis-inducing effects in a variety of
transformed and cancer cells. The non-small-cell lung cancer
cell line A549 represents the major target tissue of influenza
virus infection and is therefore a well-established in vitro model
for influenza virus propagation. Since this cell line should be
used for infection experiments throughout, it was crucial to
find nontoxic concentrations of PS-341 to determine the po-
tential antiviral activity. Thus, it was first determined whether
different concentrations of PS-341 would have an influence on
the proliferative and metabolic activities by performing an
MTT cell proliferation assay. In this assay the metabolic activ-
ity of a mitochondrial enzyme (NADH-dependent succinate
dehydrogenase) is measured, which is only active in prolifer-
ating healthy cells (54). While PS-341 concentrations of 10 nM
had no influence on the metabolic activity of A549 cells (Fig.
1A, upper left panel), 50 nM and 100 nM led to a slight
reduction of metabolically active cells after a 24-h treatment.
However, even at later time points (48 h, 72 h, and 96 h [data
not shown]) the proportion of metabolically active cells treated
with 50 nM PS-341 remained constant at over 77%. Only at
higher concentrations (100 nM) and with longer incubation
periods (96 h) was a decrease down to 40% of metabolically
active cells observed (data not shown). Similar results were
obtained in additional MTT assays using Vero, MDCK II, and
HEK293 cell lines, as well as primary HUVEC and primary
HBEpC (Fig. 1A). Vero and HEK293 cells and HBEpC ex-
hibited nearly the same sensitivity to 50 nM PS-341 as A549
cells. There was no major impact of the compound on the
metabolic activity of these cells. MDCK II and HUVEC are
slightly more susceptible to the toxic effects of 50 nM PS-341
than A549 cells. In MDCK II cells the metabolic activity was
reduced to about 60% metabolically active cells, and in
HUVEC it was reduced to about 45% metabolically active
cells. In conclusion, there are only minor differences in PS-341
toxicity for the different cell types used, as measured by MTT
assays.

Furthermore, under the same experimental conditions the
membrane integrity of A549 cells was analyzed by PI staining.
PI is a fluorescent molecule that intercalates with nucleic acids
but is membrane impermeable, so that it is generally excluded
from viable cells. After a 24-h treatment with 50 nM PS-341 no
significant differences for PI-positive cells compared to control
cells could be detected (Fig. 1B). At later time points (data not
shown) the percentage of PI-positive cells only increased
slightly at a PS-341 concentration of 50 nM, whereas 100 nM
led to a significant increase of up to 85% PI-positive cells.

To analyze potential proapoptotic effects of PS-341 on A549
cells we examined caspase-mediated cleavage of PARP. PARP
is a substrate for apoptotic caspases, and its cleavage is a
hallmark for apoptosis induction (57). Upon treatment of
A549 cells with 50 nM PS-341 for 6 h or 24 h, no induction of
PARP cleavage was observed (Fig. 1C). Since these data indi-
cate that a concentration of 50 nM PS-341 has neither a sig-
nificant cytotoxic nor proapoptotic impact on A549 cells, this
concentration was used for further experiments.
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PS-341 impairs IAV propagation in a variety of different
cells. Earlier findings demonstrated that efficient IAV propa-
gation depends on an active NF-�B pathway (51, 56). As PS-
341 is a proteasome inhibitor known to prevent proteasomal
degradation of I�B�, we hypothesized that it inhibits virus-
induced NF-�B activation (14, 35) and that this should finally
result in impaired influenza virus propagation. To test this
assumption A549 cells were treated with different concentra-
tions of PS-341 1 h prior to IAV infection and throughout the
inoculation period of 24 h. Progeny virus titers were deter-
mined 24 h postinfection (p.i.). As expected PS-341 treatment
resulted in a block of viral replication of the avian influenza

virus strain A/FPV/Bratislava/79 (H7N7; FPV) in a concentra-
tion-dependent manner. While concentrations of 10 nM had
no antiviral effect, 50 nM led to a significant titer reduction of
up to 3 orders of magnitude (Fig. 2A). The highest concentra-
tion used (100 nM) led to a titer reduction of up to 4 orders of
magnitude.

These results were also confirmed in a virus growth kinet-
ics study in infected cells that received a single dose of 50
nM PS-341. Virus titers were reduced at every time point
analyzed (Fig. 2C). While at early time points titer reduc-
tions again were on the order of 3 orders of magnitude, at
later time points the antiviral activity was less pronounced,

FIG. 1. A 50 nM concentration of PS-341 is not cytotoxic or proapoptotic in cells for the indicated exposure times. A549 (A and B) and Vero,
MDCK II, and HEK293 cells and HUVEC and HBEpC (all shown only in panel A) were treated with different concentrations (100 nM, 50 nM,
and 10 nM) of PS-341 for the indicated times or treated with solvent or left untreated. Cells treated with 1.5 �M staurosporine (STS) were used
as positive controls for metabolically inactive cells/dead cells. (A) An MTT assay was performed, and metabolic activity of cells was calculated as
the percentage of the untreated control. Arrow bars represent standard deviations from four independent experiments. (B) PI staining was
performed to measure membrane integrity of cells by fluorescence-activated cell sorter analysis. The diagram shows gated cells which were not
stained by PI and therefore had no destruction of the cell membrane. Arrow bars represent standard deviations of three independent experiments.
(C) A549 cells were treated with 50 nM PS-341 or solvent or left untreated for the indicated times. Afterwards cells were lysed and Western blot
analysis was performed to detect apoptotic cells by cleavage of PARP. As a positive control cells were treated with 1 �M staurosporine. Equal
amounts of protein loading were assayed by using the cellular protein ERK2. Shown is one representative blot out of three independent
experiments.
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presumably due to a decline of PS-341 activity during the
long incubation period.

Since PS-341 is a proteasome inhibitor, we investigated
whether the antiviral concentrations of PS-341 may have an
inhibitory effect on the 26S proteasome in A549 cells. A con-
centration-dependent inhibition of the proteasome was ob-
served in FPV-infected A549 cells at 24 h p.i. (Fig. 2B) as well
as in uninfected cells (data not shown). While 100 nM PS-341
showed a 70% inhibition of proteasome activity, 50 nM PS-341
led to an inhibition of about 50% compared to untreated
controls. Taken together, these data indicate that PS-341 ex-
hibits a strong and sustained antiviral activity at concentrations
of 50 nM and 100 nM that do partially block the proteasome in
the cell type used.

The antiviral activity of PS-341 could also be confirmed for
other influenza virus types, including the human H1N1 isolate
A/Puerto-Rico/8/34 (PR8) (Fig. 3B) and the human isolate of
avian H5N1 strain A/Thailand/KAN-1/2004 (KAN-1) (Fig.
3F), as well as in other cell types, such as the promonocytic cell
line U937 (Fig. 3C) and the epithelial cell lines MDCK II and
HEK293 (Fig. 3D and E). Furthermore, PS-341 also exhibited
antiviral activity in nonimmortalized primary cells such as
HUVEC (Fig. 3G) and HBEpC (Fig. 3H).

PS-341 treatment affects early steps of the viral life cycle. To
determine which step in the influenza virus life cycle is affected
by PS-341, a time-of-addition kinetics study that spanned the
first replication cycle was performed. A549 cells were treated
with PS-341 either before or after infection at the time points
indicated (Fig. 4A). A strong antiviral activity of PS-341 was
observed upon addition of the compound up to 2 h p.i. At time
points of 4 h p.i. and later, a dramatic decrease in the antiviral
efficacy was observed. This indicates that the event in the viral
life cycle that is affected by PS-341 occurs within the first 4 h.
Since this correlates with the strong onset of viral gene and
protein expression, we analyzed whether viral protein accumu-
lation is affected by PS-341. Indeed, we observed a strong
reduction in viral matrix protein (M1) and PB1 polymerase
synthesis in FPV- and PR8-infected cells at 5 h and 8 h p.i.

While these data are consistent with the time-of-addition
kinetics shown in Fig. 4A, the findings are in disagreement with
the proposed NF-�B-inhibiting action of PS-341. In earlier
studies it was shown that interference with NF-�B activity in
infected cells resulted in the nuclear retention of viral ribonu-
cleoprotein (RNP) complexes, while the accumulation of viral
proteins was unaffected (78, 79). Thus, we expected that PS-
341 would not have an influence on viral protein accumula-
tion within the first replication cycle; however, the contrary
was observed. This was a first indication that the antiviral
action of PS-341 does not correlate with inhibition of the
NF-�B pathway.

PS-341 pretreatment leads to activation of the classical
NF-�B pathway and c-Jun NH2-terminal kinase (JNK) path-
way. The infection of cells with influenza virus results in acti-
vation of the NF-�B pathway (17, 69). However, NF-�B is also
induced by other factors, such as proinflammatory cytokines,
environmental stress conditions, and different chemical com-
pounds (59). TNF-� is known to be a strong activator of this
pathway (27, 58). Effective proteasome inhibitors should in-
hibit this activation independently of the stimulus. To address
the potency of PS-341 to prevent proteasomal degradation of

FIG. 2. PS-341 impairs FPV replication in A549 cells. (A and B)
A549 cells were either pretreated for 1 h with different concentrations
of PS-341 or with solvent only or were left untreated. Then, cells were
infected with FPV at an MOI of 0.001 (A) or 0.05 (B). After virus
inoculation cells were posttreated with different concentrations of PS-
341. (A) At 24 h p.i. supernatants were obtained and progeny virus
titers were measured by standard plaque assay. (B) Proteasome activity
and the ability of PS-341 to inhibit the proteasome was determined
24 h p.i. (C) A549 cells were pretreated with 50 nM PS-341 or solvent
or left untreated for 1 h. Afterwards cells were infected with FPV at an
MOI of 0.0005. Subsequent to virus inoculation cells were posttreated
with 50 nM PS-341 or solvent or left untreated. After the indicated
times p.i. supernatants were obtained and progeny virus titers were
determined by standard plaque assay. Arrow bars in all experiments
represent standard deviations of three independent experiments.
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I�B�, TNF-� was used to activate the NF-�B pathway (Fig.
5A). Cells were first treated for the indicated times with PS-341
and subsequently stimulated with TNF-�. A 1-h pretreatment
with 50 nM PS-341 did not result in prevention of I�B� deg-
radation in any cell types used (Fig. 5A, lanes 3), indicating
that the partial inhibition of the proteasome at this concentra-
tion (Fig. 2B) may not be sufficient to block I�B� decay. The
same results were obtained when the different cells were pre-
treated for longer time periods (8 h or 24 h) with PS-341 before
TNF-� stimulation (Fig. 5A, lanes 7 and 11). However, at these
later time points an additional and unexpected observation was
made. We observed effective I�B� degradation in the absence
of TNF-� in cells that were only treated with PS-341 (Fig. 5A,
lanes 8 and 12). This surprising result was also obtained with
100 nM PS-341 but not with 10 nM, a concentration that also
did not show antiviral activity (data not shown).

We now tested whether this PS-341-induced I�B� degrada-
tion would also translate into NF-�B activation and induction
of NF-�B-dependent gene expression. One indication of acti-
vated NF-�B is the phosphorylation of the p65 subunit within
the canonical NF-�B pathway. Upon the phosphorylation at
Ser536, p65 is stabilized and the nuclear localization and tran-

scriptional activity are enhanced (7, 40, 50, 64, 70, 72). While
TNF-� stimulation provoked a phosphorylation of p65 at
Ser536 as expected, we also observed p65 phosphorylation
upon PS-341 pretreatment in all cell types used (Fig. 5A, lanes
7, 8, 11, and 12). Moreover, in a reporter gene assay, enhanced
transcriptional activity from the NF-�B promoter was mea-
sured when A549 cells were treated with 50 nM PS-341 (data
not shown). Taken together these data demonstrate that treat-
ment of cells with 50 nM PS-341 (or higher doses) results in
activation of the classical NF-�B pathway.

Recent studies have shown that proteasome inhibition leads
to an activation of the JNK pathway (16, 52, 80). As the JNK
pathway is activated upon influenza virus infection and it is
involved in antiviral signaling, whether PS-341 affects this sig-
naling pathway in A549 cells has been investigated (44, 45, 48).
Therefore, cells were incubated with 50 nM PS-341 for the
indicated times (Fig. 5B). After a 6-h treatment with 50 nM
PS-341, activation of JNK was detected as evidenced by phos-
phorylation of the kinase at Thr183 and Tyr185 (Fig. 5B, lane
4). This was even enhanced upon a 24-h treatment (Fig. 5B,
lane 6). Downstream substrates of JNK are the AP-1 transcrip-
tion factors c-Jun and ATF-2, which are activated by JNK-

FIG. 3. PS-341 impairs viral propagation of different IAV strains in different cell types. A549 (A, B, and F), U937 (C), MDCK II (D), HEK293
(E), HUVEC (G), or HBEpC (H) cells were pretreated for 1 h with 50 nM PS-341 or solvent or left untreated. Then cells were infected with
different human and avian IAV strains (FPV MOI of 0.001, PR8 MOI of 0.05, and KAN-1 MOI of 0.01). Subsequent to virus inoculation cells were
posttreated with 50 nM PS-341 or solvent or left untreated. After the indicated times p.i. supernatants were obtained and progeny virus titers were
determined by standard plaque assay. Arrow bars represent standard deviations of three independent experiments.
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mediated phosphorylation at Ser63 and Thr71, respectively
(33). Consistent with JNK activation, we also found c-Jun and
ATF-2 were phosphorylated and activated (Fig. 5B, lane 6),
leading to the conclusion that, besides NF-�B, the JNK/c-Jun/
ATF-2 pathway is also activated in A549 upon PS-341 treat-
ment.

Besides NF-�B and AP-1, IRF-3 is another transcription
factor that controls expression of antiviral genes (25). For
example, all three factors contribute to IFN-� expression in a
complex called the IFN-� enhanceosome (61). Thus, we also
investigated the influence of PS-341 on the activation of IRF-3,
which can be monitored by dimerization of the factor. As
shown in Fig. 5C we could not detect any influence by 50 nM
PS-341 on the dimerization of IRF-3, indicating that the po-
tential PS-341-induced activity on the factor is below the de-
tection threshold.

NF-�B- and JNK/AP-1-dependent cytokine and chemokine
gene transcription levels are upregulated upon PS-341 treat-
ment. Cytokines and chemokines are small soluble secreted
proteins with functions in inflammation and immunity. The
expression of many of these proteins depends on the transcrip-
tion factors NF-�B and AP-1. As we had detected an activation
of these two pathways upon PS-341 treatment, we then ana-
lyzed transcription levels of certain NF-�B- and AP-1-depen-
dent cytokines and chemokines. The transcription levels of the
cytokine interleukin-6 (IL-6) and the chemokine IL-8 are

known to be dependent on the NF-�B and JNK/AP-1 pathways
(26, 36, 37). The chemokine RANTES (regulated upon acti-
vation, normal T cell expressed and secreted), also known as
CCL5, was shown to be regulated by the NF-�B, JNK, and p38
MAPK pathways (36, 38). Hence, A549 cells were either
treated with 50 nM PS-341 or left untreated and were subse-
quently infected with PR8 or left uninfected. Upon PS-341
treatment the transcription level of the cytokine IL-6 in unin-
fected cells was nearly 6-fold elevated compared to control
cells (Fig. 6A). No differences in transcription levels in PR8-
infected cells were observed between untreated and PS-341-
treated samples; however, the effects may have been hidden by
a 100-fold-higher transcription level upon infection (Fig. 6B).
This was different for the transcription levels of the chemokine
IL-8, which are normally not affected upon influenza virus
infection. Here, gene expression was increased 3-fold in both
the uninfected and PR8-infected cells that were treated with
PS-341, compared to controls (Fig. 6C and D). Also, in the
case of the chemokine CCL5 (RANTES), treatment with PS-
341 resulted in an increase in transcription levels in uninfected
and infected cells (Fig. 6E and F). Taken together, these re-
sults suggest that upon PS-341 treatment of A549 cells the
NF-�B and the JNK/AP-1 pathways are functionally activated
and that these activations probably lead to secretion of im-
mune-modulatory factors.

FIG. 4. Early steps of viral replication within the first replication cycle are affected. (A) For time-of-addition kinetics analysis, A549 cells were
either left untreated or were pretreated for 10 h or 1 h with 50 nM PS-341 before infection and additionally posttreated after infection. Cells were
infected with FPV at an MOI of 0.005. After virus inoculation cells were posttreated with 50 nM PS-341. Then the proteasome inhibitor was added
after virus inoculation (�10 h, �1 h, and 	30 min) or it was added at the different times p.i. as indicated (	1 h, 	2 h, 	4 h, 	6 h, and 	8 h;
cells were not pretreated before infection). At 9 h p.i. supernatants were obtained and progeny virus titers were determined by standard plaque
assay. Shown is one representative experiment out of three independent experiments. (B) A549 cells were pretreated with 50 nM PS-341 or left
untreated for 1 h. Afterwards cells were infected with avian FPV or human PR8 at an MOI of 1. Subsequent to virus inoculation cells were
posttreated with 50 nM PS-341 or left untreated. After the indicated times p.i. cells were lysed and analyzed by Western blotting for accumulation
of viral proteins polymerase PB1 and matrix protein M1. Cellular protein ERK2 served as a control to demonstrate equal amounts of protein
loading. Shown is one representative blot out of three independent experiments.
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PS-341 treatment induces type I IFN response genes, lead-
ing to suppression of virus propagation. IFNs are a large
family of multifunctional proteins, being secreted by virus-
infected cells to induce an antiviral state in surrounding cells as
a protective mechanism (20, 42, 74). The immediate expression
of IFN-� by the virus-induced activation of NF-�B, AP-1, and
IRF-3 is the initial step in this antiviral response (61). The
finding that PS-341 treatment leads to activation of two of

these three transcription factors prompted us to analyze
whether IFN signaling is also induced in A549 cells upon
PS-341 treatment. While we were unable to detect increased
transcription of IFN-� in treated cells, we observed increasing
transcription levels of the antiviral IFN-stimulated gene MxA
over the observed time course (Fig. 7A). The first significant
changes to a nearly 2-fold induction were detected after a 4-h
treatment, while a 5-fold increase of transcription levels was

FIG. 5. PS-341 treatment leads to an activation of the NF-�B pathway and JNK/AP-1 pathway. (A) A549, Vero, MDCK II, HEK293, HUVEC,
and HBEpC cells were treated with 50 nM PS-341 for the indicated times or left untreated. In addition, cells were stimulated with 30 ng/ml TNF-�
for 15 min or left unstimulated. Cell lysates were subjected to Western blot analysis against I�B� and phosphorylated p65 (Ser536). p65 and ERK2
served as controls for equal protein amounts. (B and C) A549 cells were treated with PS-341 at 50 nM for the indicated times or left untreated.
(B) Western blotting was performed with total cell lysates, using phospho-specific antibodies against JNK and the transcription factors c-Jun and
ATF-2 or loading controls, respectively. (C) Native PAGE analysis was performed with total cell lysates to detect IRF-3 dimers. As a control for
IRF-3 dimerization (ctr.), A549 cells were transfected for 4 h with 1 �g RNA isolated from FPV-infected A549 cells (MOI of 5; 5 h). In each case
one representative blot is shown of three independent experiments.
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observed after a 10-h treatment. Human MxA protein is a
GTPase whose expression is strictly dependent on type I IFN
and which has been shown to mediate anti-influenza virus
activity in vitro and in vivo when expressed in transgenic mice
(63). This finding is a strong indication that PS-341 induces a
low-level type I IFN response that may be the basis for the
antiviral activity of this compound. To address this hypothesis
we infected Vero cells in the presence or absence of PS-341.
These cells are deficient for type I IFN genes due to genomic
deletions (12). Cells were treated with PS-341 and subse-
quently infected with avian FPV. Indeed, we were able to show
that in type I IFN-deficient Vero cells PS-341 did not act
antivirally, while in A549 control cells a clear antiviral effect 4
orders of magnitude greater was detectable (Fig. 7C and B,
respectively). To exclude that these findings may have been

caused by an altered inhibitory action on the 26S proteasome,
the activity of the proteasome in the presence of PS-341 was
compared in both cell types. There were no significant differ-
ences detected between A549 and Vero cells, indicating that
the compound inhibits the proteasome to the same level in
both cell lines (data not shown). This is also consistent with the
results of the toxicity assays shown in Fig. 1A, which also
showed responses in a similar range for A549 and Vero cells.

To further verify an interference of PS-341 with the type I
IFN response, we infected cells with VSV, a pathogen which is
extremely sensitive to the action of type I IFN. Indeed, treat-
ment of VSV-infected A549 cells with PS-341 resulted in a
tremendous drop in virus titers, similar to the IFN-�-treated
control (Fig. 7D). In contrast, treatment of VSV-infected Vero
cells with PS-341 had no influence on progeny virus titers, most
likely because of a lack of type I IFN induction in these cells
(Fig. 7E). To evaluate whether the kinetics of PS-341 match
that of type I IFN, we treated VSV-infected A459 cells with
PS-341, IFN-�, or IFN-� at several time points pre- and postin-
fection (Fig. 7F). Similar to influenza viruses, VSV replication
was only inhibited at early time points postinfection. Most
importantly, the treatment with IFNs showed an antiviral effi-
cacy that was similar to PS-341 over the observation period.
Taken together, these observations allow the striking conclu-
sion that PS-341 primes the type I IFN response in IFN-
competent cells and that this activation is necessary for its
antiviral efficacy.

DISCUSSION

Infections with influenza A viruses are still a major problem
worldwide. The recent outbreaks of the pandemic Mexican
H1N1v swine origin flu (S-OIV) and the ongoing infections of
humans with highly pathogenic avian H5N1 viruses in South-
east Asia and Africa demonstrate that there is a continuous
threat of novel and maybe more severe pandemics in the fu-
ture. The S-OIV outbreak has clearly demonstrated that the
development and production of vaccines against these viruses
takes too long to be an efficient measure against the early
phases of a pandemic. This leaves us with a few antiviral com-
pounds to fight such a burden. The increasing incidence of
resistance to either the M2 blockers amantadine/rimantadine
or the neuraminidase inhibitors oseltamivir and zanamivir
shows that antiviral drugs directly targeting viral components
are not a long-term option. It has been shown that influenza
viruses recruit and manipulate host cell factors for efficient
replication (48, 49). These findings suggest that cellular factors
which are dispensable for cellular metabolism and survival may
be much more promising targets for antiviral therapy (47).
Blockade of these factors should provide a broad antiviral
activity also against newly emerging strains and the problem of
resistance should be minimized, since the virus cannot replace
the missing cellular function. In particular, the requirement of
the NF-�B signaling pathway and the consequences on viral
replication by inhibiting this pathway indicate how useful cel-
lular factors may be as targets for an efficient antiviral therapy
(44, 56, 78). The antiviral effect of ASA via its IKK-inhibiting
action can be taken as a proof of concept that inhibition of
cellular factors such as the NF-�B pathway is well tolerated in
cells and organisms (44, 51).

FIG. 6. NF-�B- and AP-1-dependent gene transcripts are upregu-
lated. A549 cells were pretreated for 1 h with 50 nM PS-341 or solvent
or left untreated. Then cells were infected with PR8 at an MOI of 1 or
mock infected with solvent containing no virus (uninfected). After
virus inoculation cells were posttreated with 50 nM PS-341 or solvent
or left untreated. At 8 h p.i. cells were lysed and RNA was subjected
to reverse transcription. cDNA was analyzed by quantitative RT-PCR
for amounts of transcripts of IL-6 (A and B), IL-8 (C and D), and
CCL5 (E and F). Arrow bars represent standard deviations of three
independent experiments and are generated as the fold change com-
pared to untreated and mock-infected controls. *, P 
 0.05; **, P 

0.01).
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FIG. 7. PS-341 treatment induces type I IFN response genes, leading to suppression of virus propagation. (A) A549 cells were treated for the
indicated times with 50 nM PS-341 or solvent. Then cells were lysed and RNA was subjected to reverse transcription. cDNA was analyzed by quantitative
RT-PCR to determine amounts of transcripts of IFN-dependent MxA. Arrow bars represent standard deviations of two independent experiments and
are generated as the fold change compared to the untreated control. *, P 
 0.05 compared to untreated control. (B to E) A549 cells (B and D) or Vero
cells (C and E) were pretreated for 1 h with 50 nM PS-341 (B to E), for 12 h with 100 U of IFN-� (only D and E), solvent, or left untreated. After that cells
were infected with avian FPV at an MOI of 0.001 (B and C) or with VSV at an MOI of 0.001 (D) or 0.0001 (E). Subsequent to virus inoculation cells
were posttreated with 50 nM PS-341 (B to E), 100 U of IFN-� (D and E only), solvent, or left untreated. After the indicated times p.i. supernatants were
obtained and progeny virus titers were determined by standard plaque assay. Arrow bars represent standard deviations of three independent experiments
(panel E shows results of one representative experiment out of four). (F) For time-of-addition kinetics analysis, A549 cells were either pretreated for 10 h
or 1 h with 50 nM PS-341 or 1,000 U of IFN-� or IFN-� before infection and were additionally posttreated after infection or left untreated. Cells were
infected with VSV at an MOI of 0.001. After virus inoculation cells were posttreated with 50 nM PS-341 or 1,000 U of IFN-� or IFN-�. The proteasome
inhibitor or IFNs were added after virus inoculation (�10 h, �1 h, or 	30 min) or they were added at different times p.i. as indicated (	1 h, 	2 h, and
	4 h; cells were not pretreated before infection). At 12 h p.i. supernatants were obtained and progeny virus titers were determined by standard plaque
assay. Shown is one representative experiment out of three independent experiments.
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Here, we aimed to interfere with influenza virus replication
by pursuing another strategy of NF-�B inhibition. It is well
known that the activation of the classical NF-�B pathway de-
pends on the proteasomal degradation of the I�Bs (32). There-
fore, it was expected that inhibition of the proteasome by a
specific proteasome inhibitor would lead to impaired viral rep-
lication. PS-341, also known as Bortezomib or Velcade, was
chosen, as it is clinically approved for the treatment of MM
and well established as a specific proteasome inhibitor (2, 66,
67, 71). Its antitumor activity was predicted to be an effect
dependent on the inhibition of NF-�B activity by preventing
proteasomal degradation of I�B� and on its general cytotoxic
and proapoptotic effects (2, 21, 22). In this study a concentra-
tion of PS-341 that was not toxic for the lung epithelial cell line
A549 or even primary HBEpC was chosen. Indeed, it could be
shown that upon treatment of A549 cells with 50 nM PS-341
influenza A virus replication was impaired up to several orders
of magnitude compared to untreated cells. This concentration
led to a moderate average inhibition of 50% of all proteasomes
in the cell, which might be the reason that we did not observe
adverse effects on cell viability and metabolism. The concen-
tration of 50 nM PS-341 only led to a reduction of about 20%
in metabolic activity in the A549 cells used in this study (Fig.
1A), and even after a 96-h treatment the percentage of meta-
bolically active cells remained at 77% of active cells (data not
shown). This is consistent with the results of Mortenson and
colleagues (53), who showed in a clonogenic survival assay that
PS-341 treatment of A549 cells over a long time period pro-
duced a lower toxicity than expected.

Two other findings illustrate that PS-341 at the concentra-
tions used in our experiments does not have cytotoxic or pro-
apoptotic effects but a real antiviral efficacy. First, we observed
a recovery of virus replication in long-term viral growth kinet-
ics in A549 cells which had only received a single dose of the
inhibitor (Fig. 2C). Thus, cells are not nonspecifically damaged
by PS-341, because otherwise virus replication could not pro-
ceed. Furthermore, treatment of Vero cells with PS-341 in
concentrations that inhibited the proteasome to the same level
as in A549 cells and that had the same effect on the metabolic
activity as in A549 cells did not block virus accumulation at all,
which in turn indicates that PS-341 does not affect viability of
these cells. Finally, the degree of antiviral action of PS-341
seems to be only slightly different for different virus strains and
cell types including primary nonimmortalized cells. Therefore,
it could be excluded that the observed antiviral activity of
PS-341 depends on a possible cytotoxic or proapoptotic effect.

It has been shown that the inhibition of the NF-�B pathway
by acetylsalicylic acid has no effect on viral protein accumula-
tion within the first replication cycle of influenza viruses (51).
However, here it could be demonstrated that already within
the first replication cycle viral protein expression was affected
upon PS-341 treatment and that an early treatment of cells
parallel to the onset of viral infection was necessary for an
efficient antiviral activity of PS-341 (Fig. 3A and B). These
findings already indicate that the antiviral action of PS-341
differs from the mechanisms of NF-�B-inhibiting agents. The
observation that PS-341 could not prevent I�B� degradation
may be attributed to an incomplete inhibition of the protea-
some by 50 nM PS-341. However, PS-341 treatment rather led
to an activation of the NF-�B pathway in all cell types used and

the JNK/AP-1 pathway in A549 cells (Fig. 5), indicating a
signal-inducing potency of the drug. While this might appear
surprising, our data have recently been confirmed by
Hideshima and colleagues (23). While our manuscript was in
preparation those authors also showed that PS-341 leads to
activation of the NF-�B pathway. This was hypothesized to
occur through the direct or indirect activation of IKK2 and the
subsequent phosphorylation of I�B�. Furthermore, it was sug-
gested that I�B� is degraded via a proteasome-independent
mechanism (23). For MM cells Hideshima and colleagues (23)
showed that the NF-�B-activating effect is not only promoted
by treatment with up to 20 nM PS-341 for 8 to 12 h (a little less
PS-341 than we used) but also by lactacystin and MG-132, and
they concluded that NF-�B activation may be a general effect
of proteasome inhibitors. This proteasome inhibitor-depen-
dent effect of an induced degradation of I�B� has also been
shown by other groups who have used diverse proteasome
inhibitors in different cell lines (8, 11, 55). Studies in which
PS-341 led to an inhibition of NF-�B signaling were mostly
performed in other cell types than the cells used in this study.
The treatment with PS-341 was carried out with concentrations
from 50 nM up to 10 �M PS-341 for 1 to 24 h (3, 15, 24, 29, 60,
65). In the case of HUVEC an inhibition of I�B� degradation
was observed after a 1-h treatment with 10 �M PS-341 (29, 60).
In contrast, we treated HUVEC for much longer time periods
(8 to 24 h) with much less PS-341 (50 nM) and observed a clear
degradation of I�B� (Fig. 5A).

Consistent with an activation of NF-�B and AP-1, we
showed that PS-341 upregulates the transcription of antivirus-
acting cytokines, which are dependent on these signaling path-
ways, such as IL-6, IL-8, and CCL5/RANTES (26, 36, 37, 38).
Both NF-�B and AP-1 are also known to bind and regulate the
IFN-� promoter. While we were not able to detect induced
expression of IFN-� itself, we detected upregulation of the
strictly IFN-dependent antiviral gene MxA. Such a seemingly
contradictory observation has also been made by others (18).
For example, in a microarray study of influenza virus-infected
cells, a plethora of IFN-induced genes were identified in the
absence of detectable levels of IFN-� mRNA. This led to the
assumption that IFN-� expression may occur early at low levels
in a very transient fashion (18), which might also be the case in
our experiments. Another explanation may be that, in contrast
to NF-�B and AP-1, IRF-3 is not significantly activated upon
PS-341 treatment. IRF-3 is known to provide an exponential
boost of expression of IFN-� and IFN-dependent genes, which
may be missing here. Thus, PS-341 may only lead to a moder-
ate induction of the response. However, this seems to be still
sufficient to prime an antiviral response.

In any case, the strong expression of IFN-dependent MxA
suggested that type I IFN may play a crucial role in the anti-
viral efficacy of PS-341. Accordingly, we showed that in a type
I IFN-deficient cell system (Vero cells) no antiviral activity of
PS-341 was measured even though the level of proteasomal
inhibition in these cells was similar to that in IFN-competent
A549 cells. Furthermore, the replication of VSV, a pathogen
that is extremely sensitive to type I IFNs and the action of MxA
(5, 73), was also significantly decreased by PS-341 in A549 cells
but not in Vero cells. The antiviral efficacy of PS-341 at dif-
ferent time points during VSV replication correlated very well
with the action of type I IFNs, again suggesting that these
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cytokines may be the main mediators of the PS-341 effect. This
is a second functional indication of an IFN priming action of
PS-341.

Taken together our findings are compatible with the follow-
ing scenario. PS-341 results in activation of NF-�B and the
JNK/AP-1 pathway and a low-level IFN-like gene expression
response. This seems to confer a certain antiviral state to the
cells that may even be boosted upon infection. A similar prim-
ing of the antiviral response by active NF-�B was previously
observed in the context of Borna disease virus (BDV) infection
(6). BDV infection does not lead to an activation of NF-�B and
type I IFN expression. However, in cells expressing a consti-
tutive active form of IKK2, causing a preactivated NF-�B path-
way, a tremendous drop in virus titers was observed that was
most likely due to an early and efficient antiviral induction of
type I IFN signaling (6).

The fact that PS-341 is administrated systemically for the
treatment of MM and that a partial inhibition of the protea-
some by PS-341 in normal cells is well tolerated in treated
patients suggests that an antiviral therapy against influenza A
viruses with PS-341 is possible at a concentration that may not
have adverse side effects. However, as the lung is the primary
infected tissue, local administration as an aerosol might be the
route of choice to further reduce the likelihood of unknown
side effects. Thus, PS-341 may serve as an emergency drug in
cases of problematic or fatal infections with virus variants re-
sistant to commonly used drugs like oseltamivir or zanamivir or
in case of a pandemic influenza outbreak.
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