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Mice carrying a wild-type Mx1 gene (Mx1ⴙ/ⴙ) differ from standard laboratory mice (Mx1ⴚ/ⴚ) in being highly
resistant to infection with common laboratory strains of influenza A virus. We report that Mx1 also protects
mice against the pandemic human 1918 influenza virus and a highly lethal human H5N1 strain from Vietnam.
Resistance to H5N1 of Mx1ⴙ/ⴙ but not Mx1ⴚ/ⴚ mice was enhanced if the animals were treated with a single
dose of exogenous alpha interferon before infection. Thus, the interferon-induced resistance factor Mx1
represents a key component of the murine innate immune system that mediates protection against epidemic
and pandemic influenza viruses.
Mice are frequently used as an animal model to study the
pathogenesis of influenza A viruses (FLUAV). However, standard laboratory mice do not possess a complete antiviral defense system, as they carry defective alleles of the Mx1 gene
(15). The Mx1 gene is under tight transcriptional control of
alpha/beta interferon (IFN-␣/␤) and codes for a nuclear 72kDa protein which represents a decisive antiviral factor that
controls FLUAV infections in mice (7, 16). Mx1 inhibits primary transcription of the FLUAV genome by a poorly defined
mechanism (11). In humans, IFN-regulated Mx genes are also
present (1). MxA, the product of the human MX1 gene, inhibits a step of the FLUAV replication cycle which follows primary transcription (11). In spite of these differences between
the Mx systems of humans and mice, Mx1⫹/⫹ mice which carry
functional Mx1 alleles may better mimic the innate immune
system of humans than Mx1⫺/⫺ mice.
Mouse-adapted laboratory strains of influenza virus are usually well controlled by the action of the Mx1 proteins in mice
(6). However, we recently identified an exceptionally virulent
FLUAV strain that kills Mx1⫹/⫹ mice, presumably because it
replicates at a higher efficiency and overruns the host innate
immune system (4). Efficient replication is also a hallmark of
the pandemic 1918 FLUAV strain (10, 17) and of current
highly pathogenic avian influenza H5N1 viruses that have resulted in sporadic human infections with a high fatality rate (8,
13). The question therefore arose as to whether these naturally
aggressive viruses, which are highly pathogenic for standard
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laboratory mice, would also be highly virulent in mice with an
intact Mx1 resistance gene.
We first determined whether the 1918 pandemic FLUAV
strain that caused high mortality in standard laboratory mice is
highly virulent for Mx1⫹/⫹ mice. Groups of eight standard
BALB/c mice carrying a defective allele of the Mx1 resistance
gene (15) or congenic BALB.A2G-Mx1 mice carrying the functional Mx1 allele (14) were anesthetized by intraperitoneal
injection of 0.2 ml of 2,2,2-tribromoethanol in tert-amyl alcohol
(Avertin; Aldrich Chemical Co., Milwaukee, WI) before they
were infected intranasally with either 10 or 100 50% mouse
lethal doses (LD50) for BALB/c mice of the reconstructed 1918
virus (17). As expected, under these conditions, all Mx1⫺/⫺
BALB/c mice quickly lost weight (Fig. 1A), became severely ill,
and succumbed to infection (Fig. 1B). By contrast, weight loss
of the Mx1⫹/⫹ BALB.A2G-Mx1 mice infected with 10 LD50 of
the 1918 virus for BALB/c mice was minimal (Fig. 1A) and all
animals survived (Fig. 1B). Six of the eight BALB.A2G-Mx1
mice infected with 100 LD50 of the 1918 virus for BALB/c mice
survived, indicating a difference in the LD50s between Mx1competent and Mx1-incompetent mice of at least 100-fold. The
enhanced resistance of the Mx1⫹/⫹ mice also was apparent
when virus titers in the lungs of the infected animals were
compared. Whole lung tissues from individual mice were removed aseptically and homogenized in 1 ml of sterile phosphate-buffered saline (PBS), and tissue debris was removed by
low-speed centrifugation. Virus titers in the supernatants were
then determined in embryonated chicken eggs by performing
serial 10-fold dilutions in PBS. The average virus titers in the
lungs of Mx1⫺/⫺ mice infected with the low dose of the 1918
virus were at least 50-fold higher than those in Mx1⫹/⫹ mice at
both days 2 and 4 postinfection (Fig. 1C).
We next determined whether the Mx1⫹/⫹ mice would also
exhibit enhanced resistance to highly pathogenic H5N1
FLUAV. In a first experiment, groups of Mx1⫹/⫹ and Mx1⫺/⫺
mice were challenged with 10 LD50 for BALB/c mice of
A/Vietnam/1203/04 (VN1203), a virus isolated in 2004 from a
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FIG. 1. Enhanced resistance of Mx1
mice to the 1918 pandemic
influenza virus. Standard BALB/c (Mx1⫺/⫺) mice (open symbols) and
congenic BALB.A2G-Mx1 (Mx1⫹/⫹) mice (closed symbols) were challenged with either 10 LD50 for BALB/c mice (squares) or 100 LD50
(triangles) of the pandemic 1918 strain of influenza A virus by the
intranasal route. Weight loss (A) and survival (B) of the animals (eight
per group) were monitored for 18 days following infection. (C) At days
2 and 4 postinfection (p.i.), four additional Mx1⫹/⫹ and Mx1⫺/⫺ animals infected with the low virus dose were euthanized, and virus titers
in the whole lungs were determined. Fifty percent egg infectious dose
(EID50) titers were determined by serial titration of clarified homogenates in eggs (9).

fatal human case in Vietnam (9). Weight loss in the Mx1⫹/⫹
mice was moderate and all animals survived, whereas all
Mx1⫺/⫺ control mice developed severe disease and succumbed
to infection between days 4 and 7 postinfection (Fig. 2A).
Virus titers in the lungs of Mx1⫹/⫹ mice were approximately
50-fold lower than in Mx1⫺/⫺ mice at both day 2 and day 4
postinfection (Fig. 2B). When a dose of 100 LD50 for BALB/c
mice of VN1203 was used for the challenge, the weight loss in

the Mx1⫹/⫹ BALB.A2G-Mx1 mice was more severe and six of
eight animals died (data not shown). In a second experiment in
which the animals were infected with 1,000 LD50 for BALB/c
mice of VN1203, the survival rate of the BALB.A2G-Mx1 mice
was 50% (compared to saline-treated controls) (Fig. 3A). Under these conditions, the virus titers in the lungs of the
BALB.A2G-Mx1 mice on day 3 postinfection were about 50
times lower than in the Mx1⫺/⫺ BALB/c control mice (Fig. 3B),
indicating that the Mx1 resistance gene confers similar degrees
of protection against both highly lethal H5N1 virus and the
1918 pandemic virus.
VN1203 and other highly virulent strains of H5N1 cause a
systemic infection in standard inbred strains of laboratory mice
(13). In our experiments, we also detected infectious H5N1
virus in the brains and spleens of Mx1⫺/⫺ BALB/c mice at 3
days postinfection (Fig. 3B). In contrast, virus titers in the
same organs of Mx1⫹/⫹ BALB.A2G-Mx1 mice were below the
limit of detection, demonstrating that the Mx1 resistance factor also limits the systemic spread of FLUAV in infected mice
and suggesting that this could also be the case in humans,
where high viral titers are observed only in the respiratory tract
of infected individuals (2).
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FIG. 2. Enhanced resistance of Mx1⫹/⫹ mice to highly lethal human H5N1 influenza virus. Standard BALB/c (Mx1⫺/⫺) mice (open
symbols) and congenic BALB.A2G-Mx1 (Mx1⫹/⫹) mice (closed symbols) were challenged with 10 LD50 for BALB/c mice of VN1203.
(A) Survival of the animals (eight per group) was monitored for 18
days following infection. (B) At days 2 and 4 postinfection (p.i.), four
additional Mx1⫹/⫹ and four Mx1⫺/⫺ animals were euthanized and virus
titers in the lung were determined.
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Since human infections with currently circulating H5N1 viruses are frequently fatal (12) and since only few treatment
options are available for the victims, we used the mouse model
to evaluate the protective potential of recombinant IFN-␣.
Groups of mice were treated by the intranasal route with either
PBS or 10,000 units of hybrid human IFN-␣B/D, which is
highly active in mouse cells (3). Eight hours later, the animals
were infected with 1,000 LD50 for BALB/c mice of VN1203.
None of the eight IFN-treated Mx1⫹/⫹ mice became severely
ill (Fig. 3A), and the weight loss in these animals was less than
10% (data not shown). At day 3 postinfection, virus titers in the
lungs of IFN-treated Mx1⫹/⫹ mice were about 1,000 times
lower than those in PBS-treated Mx1⫹/⫹ control mice (Fig.
3B), demonstrating that IFN conferred very efficient protection. Interestingly, the IFN treatment was completely ineffective in Mx1⫺/⫺ animals. The IFN-treated BALB/c mice died
almost as quickly as the PBS-treated control mice (Fig. 3A),
and the virus titers in the lungs, brains, and spleens were
comparably high in both IFN-treated and untreated Mx1⫺/⫺
mice (Fig. 3B). IFN treatment of Mx1⫺/⫺ mice was similarly
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BALB.A2G-Mx1 (Mx1⫹/⫹) mice (closed symbols) were treated with
PBS (triangles) or 10,000 units of recombinant human IFN-␣B/D
(squares) by the intranasal route. (A) Survival of the animals (eight per
group) was monitored for 18 days following infection. (B) At day 3
postinfection (p.i.), three additional Mx1⫹/⫹ mice and four Mx1⫺/⫺
animals of each treatment group were killed and virus titers in the
lungs, brains, and spleens were determined. The dotted line indicates
the detection limit (101.2 50% egg infectious dose/ml) in this assay.

ineffective when the challenge virus dose was reduced to 100
LD50 for BALB/c mice (data not shown). These results are in
good agreement with an earlier report in which a mouseadapted FLUAV strain with high virulence for Mx1⫹/⫹ mice
was used for IFN treatment studies (4).
Our study shows that the IFN-induced resistance factor Mx1
is a key component of the innate immune system of mice that
mediates protection against both zoonotic and human pandemic strains of influenza viruses of high virulence. We demonstrated that the lethal doses of the pandemic 1918 virus and
of a highly virulent H5N1 strain were at least 2 orders of
magnitude different between Mx1⫹/⫹ and Mx1⫺/⫺ mice. A
similar degree of protection by Mx1 was previously reported
for several mouse-adapted FLUAV strains of human and avian
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subverts the timely induction of the dormant IFN-regulated
innate immune system of the infected host. It should be noted
that our present work cannot exclude the possibility that the
high virulence for humans of the pandemic 1918 virus and
certain highly pathogenic H5N1 strains is based on a similar
evasion strategy which, however, is not apparent in mice since
the 1918 and H5N1 viruses employed here were not adapted to
the mouse. Therefore, these viruses might not have revealed
their maximal growth potential in our system.
A final interesting aspect of our work is that prophylactic
treatment with recombinant human IFN-␣ increased the resistance to the H5N1 virus. It will be important to determine in
future experiments whether IFN treatment shortly after virus
infection is also beneficial. Furthermore, it is of interest to
know whether exogenous IFN can also prevent disease in the
ferret model, which is believed to represent a better animal
model for human influenza virus infections. If IFN holds its
promise as an antiviral against influenza in these animal models, it might be considered as an emergency drug for treatment
of pandemic influenza in times when neuraminidase inhibitors
and other antiviral agents are expected to be in short supply.
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