
JOURNAL OF VIROLOGY, Feb. 2007, p. 2025–2030 Vol. 81, No. 4
0022-538X/07/$08.00�0 doi:10.1128/JVI.01718-06
Copyright © 2007, American Society for Microbiology. All Rights Reserved.

Protective Role of Beta Interferon in Host Defense against
Influenza A Virus�

Iris Koerner,1 Georg Kochs,1 Ulrich Kalinke,2 Siegfried Weiss,3 and Peter Staeheli1*
Department of Virology, University of Freiburg, 79104 Freiburg, Germany1; Division of Immunology, Paul-Ehrlich-Institut, Langen,

63225 Langen, Germany2; and Molekulare Immunologie, Helmholtz Zentrum für Infektionsforschung,
38124 Braunschweig, Germany3

Received 8 August 2006/Accepted 20 November 2006

Type I interferon (IFN), which includes the IFN-� and -� subtypes, plays an essential role in host defense against
influenza A virus. However, the relative contribution of IFN-� remains unresolved. In mice, type I IFN is effective
against influenza viruses only if the IFN-induced resistance factor Mx1 is present, though most inbred mouse
strains, including the recently developed IFN-�-deficient mice, bear only defective Mx1 alleles. We therefore
generated IFN-�-deficient mice carrying functional Mx1 alleles (designated Mx-BKO) and compared them to either
wild-type mice bearing functional copies of both IFN-� and Mx1 (designated Mx-wt) or mice carrying functional
Mx1 alleles but lacking functional type I IFN receptors (designated Mx-IFNAR). Influenza A virus strain SC35M
(H7N7) grew to high titers and readily formed plaques in monolayers of Mx-BKO and Mx-IFNAR embryo
fibroblasts which showed no spontaneous expression of Mx1. In contrast, Mx-wt embryo fibroblasts were found to
constitutively express Mx1, most likely explaining why SC35M did not grow to high titers and formed no visible
plaques in such cells. In vivo challenge experiments in which SC35M was applied via the intranasal route showed
that the 50% lethal dose was about 20-fold lower in Mx-BKO mice than in Mx-wt mice and that virus titers in the
lungs were increased in Mx-BKO mice. The resistance of Mx-BKO mice to influenza A virus strain PR/8/34 (H1N1)
was also substantially reduced, demonstrating that IFN-� plays an important role in the defense against influenza
A virus that cannot be compensated for by IFN-�.

Type I interferon (IFN) plays a key role in the innate im-
mune response against many viruses (12). In addition, it fur-
ther shapes the adaptive immune response against viral and
nonviral pathogens (3). In the mouse, type I IFN comprises 14
IFN-� isoforms and a single form of IFN-� (28). Virus-induced
synthesis of type I IFN in fibroblasts is hierarchical, with IFN-�
appearing first, followed by IFN-� in a second wave (7, 17).
Studies with primary fibroblasts of mice with a targeted dele-
tion of the IFN-� gene largely confirmed the view that IFN-�
serves as immediate-early IFN (21).

If the model of hierarchical organization of type I IFN ex-
pression observed in fibroblasts is maintained in the critical cell
types of the intact organism, IFN-�-deficient mice should ex-
hibit enhanced susceptibility to virus infections. As predicted
from this model, IFN-�-deficient mice exhibited greatly en-
hanced susceptibility to intranasal challenge with vaccinia virus
(4). IFN-�-deficient mice were also more susceptible to cox-
sackievirus B3 (5) and Friend retrovirus (11) infections. How-
ever, IFN-�-deficient and wild-type mice were equally suscep-
tible to intravenous challenge with vesicular stomatitis virus
(1), which is highly lethal for mice lacking functional type I IFN
receptors (25). Furthermore, wild-type and IFN-�-deficient
mice did not differ significantly in susceptibility to La Crosse
virus (G. Blakqori, S. Delhaye, S. Haid, M. Habjan, U.
Kalinke, S. Weiss, T. Michiels, P. Staeheli, and F. Weber,
submitted for publication), a member of the Orthobunyaviri-

dae. Available information thus suggests that IFN-� has a
beneficial role during some but not all virus infections.

Resistance of mice to influenza and influenza-like viruses is
largely dependent on restriction factor Mx1, the synthesis of
which is under stringent control of type I IFN (22). Since most
inbred mouse strains carry defective Mx1 genes (23), the pro-
tective potential of IFN against influenza viruses cannot be
fully appreciated in regular inbred mice and a beneficial role of
IFN-� might be missed.

By conventional breeding of available strains, we generated
IFN-�-deficient mice that carry intact Mx1 alleles. We ob-
served that cultured embryo fibroblasts from such animals
were far more susceptible to influenza A virus infections than
cells from mice with intact Mx1 and IFN-� genes. In addition,
challenge experiments with two different strains of influenza A
virus revealed significantly reduced survival rates and en-
hanced virus titers in the lungs of IFN-�-deficient mice, dem-
onstrating that IFN-� contributes to innate immunity to influ-
enza A virus.

MATERIALS AND METHODS

Mice. The intact Mx1 allele of strain A2G was introduced into C57BL/6 mice
by backcrossing for 20 generations, yielding strain B6.A2G-Mx1 (14). Here, this
strain is designated Mx-wt. IFN-�0/0 mice (7) were backcrossed for 12 genera-
tions onto a C57BL/6 background. The resulting animals were subsequently
crossed with B6�A2G-Mx1 mice, and offspring with intact Mx1 and defective
IFN-� alleles were selected. Here, this strain is designated Mx-BKO. IFNAR10/0

mice (27) were backcrossed for 10 generations onto a C57BL/6 background
before breeding with B6 A2G-Mx1 mice. Offspring with intact Mx1 and defective
IFNAR1 alleles were selected. Here, this strain is designated Mx-IFNAR. Six- to
8-week-old animals were used for the challenge experiments, which were per-
formed in accordance with the guidelines of the local animal care committee.
Animals were euthanized if severe symptoms developed. Fifty percent lethal
doses (LD50s) were calculated as described previously (20).
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Cells. Mouse embryo fibroblasts (MEF) were prepared from 13-day-old em-
bryos by trypsin digestion. MEF were maintained in Dulbecco’s modified Eagle–
high-glucose medium containing 10% fetal bovine serum and passaged twice
weekly at a splitting ratio of 1:3. Cultures were used between passages 3 and 10.
MDCK and Vero cells were maintained in Dulbecco’s modified Eagle–high-
glucose medium containing 10% fetal bovine serum.

Viruses. Stocks of the mouse-adapted influenza A virus strain SC35M (H7N7)
(9) and the Mount Sinai strain of PR/8/34 (H1N1) (19) were prepared in em-
bryonated chicken eggs. Stocks of PR8�NS1 with a targeted deletion of the NS1
coding region (10) were prepared in Vero cells.

Virus infections. Animals were anesthetized by intraperitoneal injection of a
mixture of ketamine (100 �g per gram body weight) and xylazine (5 �g per gram)
and infected intranasally with the doses of virus indicated below in 50 �l of
phosphate-buffered saline–0.3% bovine serum albumin.

Preparation of lung extracts and virus titrations. Lungs were removed, im-
mediately frozen in liquid nitrogen, and stored at �80°C until use. Lung homog-
enates were prepared by grinding the tissue in a mortar with sterile quartz sand.
The material was suspended in 1 ml of phosphate-buffered saline, tissue debris
was removed by low-speed centrifugation, and samples were frozen at �80°C.
Titers of SC35M were determined by performing plaque assays with MDCK
cells. Since our PR8 strain does not readily form visible plaques, titers were
determined by staining the monolayers with a virus-specific antiserum. Briefly, at
16 h postinfection with 10-fold dilutions of samples, the cell monolayers were
fixed, permeabilized, and stained with a rabbit antiserum that detects the viral
nucleoprotein, followed by a Cy3-labeled secondary antibody. Foci of infected
cells were counted using a fluorescence microscope.

Analysis of Mx protein expression. Western blot and immunofluorescence
analyses were done using a monoclonal antibody with high specificity for mouse
Mx1 (8).

IFN treatment of cells. Cells were treated with 1,000 units/ml of human hybrid
IFN-� B/D which was shown to be active on mouse cells (13, 18).

RESULTS

Enhanced growth of SC35M in MEF lacking IFN-�. To
evaluate the roles of virus-induced IFN-� and -� in resistance
to influenza A virus, we first compared levels of viral plaque
formation in primary MEF cultures derived from mice with
functional Mx1 alleles and either a defective type I IFN recep-

tor (Mx-IFNAR) or defective IFN-� alleles (Mx-BKO) and
those derived from normal controls (Mx-wt). Influenza A virus
strain SC35M readily formed plaques (Fig. 1A) and replicated
to high titers (Fig. 1B) in MEF cultures from Mx-IFNAR mice.
In infected MEF cultures from Mx-wt mice, no plaques were
visible (Fig. 1A) and virus titers in MEF supernatants were
reduced more than 500-fold (Fig. 1B). Interestingly, MEF cul-
tures from Mx-BKO mice were almost as susceptible to
SC35M as cells from Mx-IFNAR mice, which are nonrespon-
sive to all type I IFNs (Fig. 1), indicating that IFN-� is very
important for influenza virus restriction in fibroblasts.

Tight regulation of Mx1 gene expression in MEF lacking
IFN-�. Since Mx1 is a major resistance factor for influenza
virus in mice (15), we compared spontaneous and IFN-induced
expression levels of Mx1 in the various MEF cultures by using
a Mx-specific antibody. Prominent nuclear staining of Mx1 was
observed after IFN treatment of MEF from Mx-wt and Mx-
BKO mice (Fig. 2A). As expected, IFN treatment was not
effective in MEF from Mx-IFNAR animals.

Spontaneous expression of the Mx1 gene was readily detect-
able in untreated MEF from Mx-wt animals (Fig. 2A), whereas
no spontaneous Mx1 expression was observed in MEF from
Mx-BKO or Mx-IFNAR mice. These results were confirmed by
Western blot analysis (Fig. 2B) which showed that Mx1 levels
in untreated Mx-wt cells reached roughly 20% of the levels in
cells induced with IFN. In agreement with the immunofluores-
cence data, Western blot analysis indicated that spontaneous
expression of Mx1 is extremely low in Mx-BKO and Mx-IFNAR
cells (Fig. 2B).

The various MEF cultures might differ in responsiveness to
viral stimuli. We therefore performed infection experiments
with the influenza A virus mutant strain PR8�NS1 that lacks
the IFN-antagonistic factor NS1 and thus activates IFN genes

FIG. 1. Enhanced replication of influenza A virus in MEF lacking IFN-�. (A) Viral plaque assays. MEF from Mx-wt, Mx-BKO, or Mx-IFNAR
mice were infected with 10-fold dilutions of SC35M and stained for plaques 3 days later. (B) Viral growth curves. MEF were infected with a low
dose (multiplicity of infection, 0.01) of SC35M. At the indicated times postinfection, culture supernatants were harvested and analyzed for
infectious virus.
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very strongly (26). Mx-IFNAR MEF completely failed to re-
spond to this stimulus (Fig. 2B), confirming earlier observa-
tions that Mx gene activation requires signaling through the
type I IFN receptor complex (2). In contrast to Mx-IFNAR
cells, cells from both Mx-wt and Mx-BKO mice showed strong
responses to PR8�NS1 (Fig. 2B). However, we noted a distinct
difference between Mx-wt and Mx-BKO cells in the kinetics
but not in the overall extent of the responses. At 12 h postin-
fection with PR8�NS1, the Mx1 signal in Mx-BKO cells was
about fivefold less intense than that in Mx-wt cells. This dif-
ference was no longer observed at 24 h postinfection (Fig. 2B).

Enhanced influenza virus susceptibility of IFN-�-deficient
mice. In a first series of experiments, various doses of SC35M
were applied intranasally to groups of Mx-wt and Mx-BKO mice,

and the infected animals were monitored for at least 11 days.
When 104 PFU of SC35M were used, no symptoms were re-
corded at any time point, and all animals survived (Fig. 3A, top
panel). However, when the virus dose was 5 � 104 PFU, severe
disease in 20 of 30 infected Mx-BKO mice but in none of 18
Mx-wt mice was noted (Fig. 3A, middle panel). Severe disease in
Mx-BKO mice was accompanied by the loss of 25 to 30% of total
body weight, ruffled fur, hypothermia, and apathy. At this stage,
the animals were euthanized in accordance with the local animal
care committee guidelines. The remaining 10 Mx-BKO mice
showed mild to moderate symptoms between days 4 and 9 postin-
fection, and maximal weight losses amounted to less than 30% of
body weight. Most Mx-wt mice infected with 5 � 104 PFU of
SC35M also displayed typical disease symptoms which, however,
were much milder than those in Mx-BKO mice. Maximal weight
losses were less than 30% in all 18 Mx-wt animals used for this
experiment, and all animals survived (Fig. 3A, middle panel).
When the virus dose was raised to 106 PFU, all Mx-wt and Mx-
BKO mice developed severe symptoms (Fig. 3A, bottom panel).
However, disease progression was significantly faster in Mx-BKO
mice than in Mx-wt mice. From the data shown in Fig. 3A, the
LD50s of SC35M were determined to be 6.3 � 105 PFU for Mx-wt
mice and 3.1 � 104 PFU for Mx-BKO mice (Fig. 3C). Thus,
Mx-BKO mice were substantially more susceptible to SC35M
than Mx-wt mice. It should be noted, however, that the LD50 of
SC35M for Mx-IFNAR mice was only 10 PFU (Fig. 3C), dem-
onstrating that the lack of IFN-� is compensated for to a large
extent by IFN-�.

In a second series of experiments, we determined whether
Mx-BKO mice might also show enhanced susceptibility to strain
PR8, which is derived from a human influenza A virus isolate. At
a dose of 105 PFU per animal, neither Mx-wt nor Mx-BKO mice
developed symptoms (Fig. 3B, top panel). At 106 PFU per animal,
7 of 19 Mx-BKO mice developed severe disease. In contrast, none
of the 14 Mx-wt animals became seriously ill under these condi-
tions (Fig. 3B, middle panel). At 107 PFU per animal, all mice of
both groups became severely ill. Again, disease progression was
faster in Mx-BKO mice than in Mx-wt mice (Fig. 3B, bottom
panel). From the data shown in Fig. 3B, the LD50s of PR8 were
determined to be 6.7 � 106 PFU for Mx-wt mice and 2.6 � 106

PFU for Mx-BKO mice (Fig. 3C).
To determine whether the enhanced susceptibility of Mx-

BKO mice could be correlated with enhanced virus replication
in the lungs, we infected new groups of animals with 5 � 104

PFU of SC35M or 106 FFU of PR8 and harvested the lungs at
72 h postinfection. The average virus titers were about fivefold
higher in the lungs of Mx-BKO mice infected with either
SC35M (Fig. 4A) or PR8 (Fig. 4B). Thus, experiments with two
different strains of influenza A virus yielded essentially identi-
cal results, clearly demonstrating that IFN-� is essential for
influenza virus resistance.

DISCUSSION

Determining the role of type I IFN in host defense against
influenza virus with the help of the mouse model system is
complicated by the fact that most laboratory mouse strains
carry defective Mx1 resistance genes (23). Consequently, these
strains fail to make efficient use of virus-induced IFN for pro-
tection against this important human pathogen (24). There-

FIG. 2. Tight regulation of Mx1 gene expression in MEF lacking
IFN-�. (A) MEF from Mx-wt, Mx-BKO, or Mx-IFNAR mice were
treated for 24 h with either plain medium or medium containing 1,000
units/ml of human IFN-� B/D and subsequently stained for nuclear
Mx1 protein by using a specific antibody. (B) MEF from the various
mouse strains were treated either for 16 h with human IFN-� B/D
(1,000 units/ml) or for 12 and 24 h with influenza A virus PR8�NS1
(multiplicity of infection, 2) as indicated. The cells were analyzed for
Mx1 and actin protein levels by Western blotting. The Mx1 signals
were quantified and corrected for loading differences by normalization
to the corresponding actin signals. The signal of Mx1 in wild-type cells
at 12 h post-virus infection was set at 100%. Values shown in the figure
are percentages of this reference value. �, present, �, absent.
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fore, the contribution of IFN-� to protection against influenza
A virus cannot be appreciated adequately by using common
inbred mouse strains. In this study, we generated IFN-�-defi-
cient mice that carry functional Mx1 alleles and demonstrated
that such mice exhibit substantially reduced resistance to two
different strains of influenza A virus.

The strongest effect of the IFN-� deficiency was observed in
primary MEF cultures. Influenza virus strain SC35M was se-
verely restricted in cells of Mx-wt mice even in the absence of
exogenous IFN. In contrast, high virus titers were obtained
with cells from both Mx-BKO and Mx-IFNAR mice (Fig. 1). A

far less dramatic effect of the IFN-� gene deletion was ob-
served during in vivo challenge with influenza viruses. Defi-
ciency of IFN-� lowered the LD50 of SC35M by only a factor
of 20. In contrast, the lack of a functional IFN receptor de-
creased the LD50 more than 10,000-fold. A simple explanation
for the apparent discrepancy between the cell culture and in
vivo data are that spontaneous expression of biologically rele-
vant levels of Mx1 is not found in all cell types. In fact, de-
pending on the cell culture conditions (6), primary MEF cul-
tures (Fig. 2) and peritoneal macrophages (16) from Mx-wt
mice do express fairly high levels of Mx1. Similarly, spleen cells

FIG. 3. Enhanced influenza A virus susceptibility of IFN-�-deficient mice. (A and B) Survival curves of Mx-wt and Mx-BKO mice infected with
the indicated doses of influenza A virus strain SC35M (A) or PR8 (B). Physical statuses and weights of the animals were determined daily. Mice
were killed in the case of strong symptoms or the loss of more than 30% of total body weight. n, number of animals per group. (C) Calculated LD50s
of SC35M and PR8. n.d., not determined.
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from Mx-wt mice express substantial levels of Mx1, whereas
the vast majority of cells in infected lungs do not (unpublished
data). The fact that Mx-wt and Mx-BKO mice differed in
susceptibility to influenza virus by a factor of about 20 may be
explained by the assumption that early synthesis of IFN-�
promotes virus-triggered expression of IFN-� in lung epithelial
cells. Since IFN-� presumably accounts for a substantial frac-
tion of the type I IFN activity in infected organs, we cannot
exclude the alternative view that the reduced survival of Mx-
BKO mice is due simply to reduced overall levels of type I IFN
in the absence of IFN-�.

An important aspect of our study was that spontaneous
expression of Mx1 in MEF cultures was no longer detected
when the IFN-� gene was deleted (Fig. 2). This observation
suggests that low-level expression of Mx1 in the absence of
exogenous inducers is not due to intrinsic promoter leakiness
or contamination of the primary MEF cultures with an unde-
fined cell type constitutively synthesizing IFN-�. Rather, in
agreement with a recent report (21), it appears more likely that
the IFN-� gene is expressed at low levels in MEF.

Our results are compatible with current models (3) demon-
strating that expression of type I IFN genes is stringently or-
chestrated and that the IFN-� gene occupies a position at the
top of the hierarchy of type I IFN. When IFN-� is missing,
IFN-� synthesis is delayed, thus enhancing the probability that
the invading virus can overrun the innate immune response of
the host. However, since Mx-IFNAR mice that lack a func-
tional type I IFN receptor were dramatically more susceptible
to influenza A virus than Mx-BKO mice, it is evident that the
lack of IFN-� is compensated for to a large extent by IFN-� in

vivo. In addition, PR8�NS1, a virus strain that has lost the
ability to inhibit the induction of IFN, was a surprisingly potent
inducer of Mx1 in MEF of IFN-�-deficient mice (Fig. 2B). This
result agrees well with the findings of other investigators (1)
demonstrating that IFN-� greatly facilitates virus induction of
IFN-� genes, although there is no absolute requirement for
priming by IFN-�.
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