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Interferon-Induced Rat Mx Proteins Confer Resistance to Rift
Valley Fever Virus and Other Arthropod-Borne Viruses

MARKUS SANDROCK, MICHAEL FRESE, OTTO HALLER, and GEORG KOCHS

ABSTRACT

Mx proteins belong to the interferon (IFN)-induced antiviral defense. The rat genome contains three Mx genes,
ratMx1, ratMx2, and ratMx3. The Mx gene products differ in their subcellular localization and antiviral speci-
ficity. The nuclear ratMx1 protein confers resistance to influenza A virus, and the cytoplasmic ratMx2 is ac-
tive against vesicular stomatitis virus (VSV), whereas the cytoplasmic ratMx3 protein is antivirally inactive.
To investigate the antiviral potential of the rat Mx proteins against arboviruses, a phylogenetically diverse
group of viruses that frequently infect rodents, we studied the replication of LaCrosse virus (LACV). Rift
Valley fever virus (RVFV) (both family Bunyaviridae), and Thogoto virus (THOV) (family Orthomyxoviridae).
To that end, we used transfected Vero cells constitutively expressing one of the rat Mx proteins. We observed
that the antiviral activity of rat Mx proteins against these arboviruses correlates with their intracellular lo-
calization: ratMx1 is active against THOV, which replicates in the nucleus, whereas ratMx2 inhibits bunya-
viruses that replicate in the cytoplasm. The results indicate that rats have evolved two Mx proteins to effi-
ciently control viruses with different replication strategies.
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INTRODUCTION

MX PROTEINS ARE KEY COMPONENTS of the interferon (IFN)-
induced antiviral defense.(1) They are large, antivirally

active GTPases that have been found in all vertebrate species
analyzed to date. The antiviral effect was first described as an
inborn resistance of laboratory mice (Mus musculus) against or-
thomyxovirus infections.(2) The murine Mx1 protein (MuMx1)
accumulates in the nucleus and blocks the primary transcrip-
tion of the influenza A virus (FLUAV) RNA genome.(3,4) Mice
have also a cytoplasmic Mx protein, MuMx2, that inhibits the
replication of Hantaan virus, Seoul virus, and vesicular stom-
atitis virus (VSV).(5–7) However, this protein is not functional
in most inbred strains because of mutations that disrupt the
MuMx2 open reading frame (ORF).(8) In rats (Rattus norvegi-
cus), three different Mx genes have been identified, ratMx1,
ratMx2, and ratMx3.(9) The ratMx1 protein accumulates in the
nucleus and inhibits the replication of FLUAV.(10) The cyto-
plasmic proteins ratMx2 and ratMx3 are almost identical, but
only ratMx2 shows antiviral activity against VSV.(10)

Small rodents serve as hosts for a variety of arthropod-borne
viruses, including some important human pathogens. LaCrosse
virus (LACV) belongs to the California serogroup within the
genus Bunyavirus (family Bunyaviridae) and is transmitted by
mosquitoes to woodland rodents and rabbits.(11) In laboratory

mice, LACV infection provokes a lethal encephalitis.(12) LACV
infections also can lead to an acute encephalitis in children and,
therefore, represent a severe health problem in the midwestern
United States.(13–15) Rift Valley fever virus (RVFV), a mem-
ber of the genus Phlebovirus in the Bunyaviridae family, is also
transmitted by mosquitoes and causes fulminant hepatitis and
encephalitis in infected rats and mice.(16,17) RVFV causes epi-
zootic outbreaks in sub-Saharan Africa, Egypt, and most re-
cently in the Kingdom of Saudi Arabia and Yemen.(18,19) Dur-
ing such outbreaks, sheep and goats frequently become infected
and develop a severe disease, with high mortality.(11) RVFV
also infects humans. In the 1977–1978 epidemic in Egypt, over
200,000 people developed Rift Valley fever, but most of them
showed only mild symptoms of the disease. However, in at least
600 cases, the disease was more severe, and patients died from
encephalitis, fatal hepatitis, or hemorrhagic fever.(20,21)

Rodents are also a reservoir for tick-borne orthomyxoviruses.
Serologic data indicate that Thogoto virus (THOV) and Dhori
virus (DHOV) frequently infect mice and rats, which may rep-
resent a reservoir for these viruses.(22,23) Experimental infec-
tion of laboratory mice leads to severe hepatitis and death of
the animals that do not express the MuMx1 protein.(24–27)

THOV-specific antibodies have been detected in a wide range
of animals and humans.(23,28) Reports about human THOV in-
fections are rare, but there are two case reports stating that the
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virus has been isolated from patients with neurologic disor-
ders.(29) Furthermore, accidental laboratory infections of hu-
mans with DHOV, resulting in febrile illness and encephalitis,
have been reported.(30)

The IFN system plays a critical role in the early defense
against viruses. In the present study, we describe the ability of
rat Mx proteins to inhibit the replication of LACV, RVFV, and
THOV. Our results are important for a better understanding of
the mechanisms that protect rats against arboviruses.

MATERIAL AND METHODS

Cells

African green monkey (Vero) cells(31) were cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
200 U/ml penicillin, 200 mg/ml streptomycin, and 10% fetal
bovine serum (FBS).

Viruses

The original strain of LACV(32) was grown in BHK-21 cells.
Stock virus contained 1.6 3 108 50% tissue infective dose
(TCID50)/ml. The attenuated MP12 strain of RVFV(33) was prop-
agated in Vero cells. Stock virus contained 2 3 107 TCID50/ml.
The Sicilian SiAr126 strain of THOV(34) was grown in BHK-21
cells. Stock virus contained 8.3 3 107 plaque-forming units
(PFU)/ml. A mammalian cell-adapted variant of influenza
A/FPVDobson/34 (H7N7), called FPV-B,(35) was propagated in
Swiss mouse 3T3 cells. Stock virus contained 6.0 3 107

TCID50/ml. VSV (serotype Indiana) was produced in Vero cells.
Stock virus contained 1.3 3 108 TCID50/ml.

Plasmids

The rat Mx expression vectors pSVrMx1, pSVrMx2,
pSVrMx2-N, pSVrMx3, and pSVrMx3-N(10,36) were kindly
provided by Ellen Meier (National Institute of Neurological
Disorders and Stroke, Bethesda, MD).

Antibodies

Mx proteins were labeled using the monoclonal mouse an-
tibody 2C12 that binds to rat Mx proteins(37) or a polyclonal
rabbit antibody (kindly provided by Ellen Meier) that is di-
rected against ratMx3 but also recognizes ratMx2.(36) A mix-
ture of three monoclonal antibodies (mAb) (807-25, 807-33,
and 807-35) directed against the G1 envelope glycoprotein(38)

was used to detect LACV antigens (the antibody mixture was
kindly provided by Francisco González-Scarano, University
of Pennsylvania, Philadelphia, PA). RVFV-infected cells were
labeled using the monoclonal mouse antibody 4D4 that is di-
rected against the G2 envelope glycoprotein (kindly provided
by Jonathan F. Smith, USAMRIID, Fort Detrick, Frederick,
MD). A hyperimmunized guinea pig antiserum (a gift from
Patricia A. Nuttall, NERC Institute of Virology and Environ-
mental Microbiology, Oxford, U.K.) was used to label THOV-
infected cells.(39) A rabbit antiserum directed against influenza
A/FPVDobson/34 was used to detect FLUAV proteins. VSV
antigens were labeled using a rabbit antiserum directed against
the P protein of VSV (obtained from Peter Staeheli, Univer-
sität Freiburg, Freiburg, Germany). Bound primary antibod-

ies were stained using fluorescein (DTAF)-conjugated, rho-
damine (TRITC)-conjugated, or Cy3™-conjugated goat sec-
ondary antibodies against mouse, rabbit, or guinea pig im-
munoglobulins. All secondary antibodies were purchased
from Dianova (Hamburg, Germany).

Analysis of antiviral activity

Vero cells were transfected with expression vectors coding
for the various Mx proteins using the calcium phosphate co-
precipitation method.(40) About 24 h after transfection, cells
were trypsinized, seeded on glass coverslips, and grown for an-
other 24 h. Cells were then infected with LACV, RVFV, THOV,
FLUAV, or VSV at a high multiplicity of infection (moi) (see
legends of Figs. 1 and 2 for details). Subsequently, cells were
fixed with 3% paraformaldehyde in phosphate-buffered saline
(PBS), permeabilized with 0.5% Triton X-100 in PBS, and fi-
nally stained for Mx proteins and viral antigens using a com-
bination of the antibodies described. Immunofluorescence anal-
ysis was performed using a Reichert-Jung Polyvar microscope
equipped with epifluorescence. Transfected cells that express
Mx proteins and accumulate viral antigens as well as cells that
express Mx proteins but lack viral protein expression were
counted. The percentage of virus-infected cells that express Mx
protein with respect to the total number of Mx-expressing cells
was taken as a value for the antiviral activity of the analyzed
Mx protein.
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FIG. 1. Expression of rat Mx proteins in transfected Vero
cells. Indirect immunofluorescence analysis of transiently trans-
fected Vero cells that express either ratMx1 (A), ratMx2 (B),
ratMx2-N (C), ratMx3 (D), or ratMx3-N (E). Cells were trans-
fected with expression plasmids coding for one of the various
Mx proteins, fixed 24 h after transfection, and stained for Mx
proteins using the mAb 2C12. Bar 5 50 mm.



RESULTS

Subcellular localization of Mx proteins in 
transfected Vero cells

To investigate the antiviral potential of the rat Mx proteins,
we constitutively expressed ratMx1, ratMx2, and ratMx3 in

Vero cells. Analysis of the intracellular localization of the re-
combinant proteins by indirect immunofluorescence revealed
that ratMx1 accumulated in distinct dots within the nucleus,
whereas ratMx2 and ratMx3 accumulated in the cytoplasm of
transfected cells (Fig. 1A, B, D). These results are in line with
the intracellular localization of rat Mx proteins in transfected
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FIG. 2. Antiviral activity of rat Mx proteins. Vero cells were transfected with expression plasmids coding for either ratMx1,
ratMx2, ratMx3, ratMx2-N, or ratMx3-N. About 48 h after transfection, cells were infected with LACV (A) or RVFV (B) at an
moi of 15 for 10 h, THOV at an moi of 5 for 16 h (C), FLUAV at an moi of 10 for 5 h (D), or VSV at an moi of 20 for 3 h
(E). The cells were then fixed and double-immunostained for Mx and viral proteins using specific antibodies (see Material and
Methods). The percentage of cells expressing both viral proteins and Mx proteins is given in relation to the total number of Mx-
expressing cells. Columns and error bars represent mean values of two (FLUAV), three (LACV RVFV, and VSV), or five (THOV)
independent experiments and 95% confidence intervals, respectively. The number of cells expressing viral proteins and Mx pro-
teins per total number of cells expressing Mx is indicated above each column. Viral proteins were detected in about 97% (LACV),
82% (RVFV), 97% (THOV), 98% (FLUAV), and 80% (VSV) of nontransfected control cells (dotted lines).



mouse 3T3 cells and in IFN-treated rat cells.(9,10) To investi-
gate whether the intracellular localization has an effect on the
antiviral specificity of the rat Mx proteins, we also expressed
nuclear forms of ratMx2 and ratMx3, called ratMx2-N and
ratMx3-N, which carry the nuclear translocation signal of the
SV40 large T antigen at the N-terminus.(36) As expected,
ratMx2-N and ratMx3-N accumulated in the nucleus of trans-
fected Vero cells (Fig. 1C, E).

Antiviral activity of rat Mx proteins

The antiviral activities of rat Mx proteins have been assessed
for VSV and FLUAV.(10) To determine the capacity of rat Mx
proteins to inhibit arthropod-borne members of the families
Bunyaviridae and Orthomyxoviridae, we challenged rat Mx-ex-
pressing cells with LACV, RVFV, and THOV. Cells were trans-
fected with expression plasmids coding for one of the rat Mx
proteins and infected 24 h later. The cells were incubated to al-
low viral replication and protein accumulation, fixed and dou-
ble-immunostained for rat Mx and viral proteins. We compared
the number of Mx-expressing cells that also accumulate viral
proteins with the total number of Mx-expressing cells. Figure
2 shows that multiplication of LACV and RVFV was sensitive
to the presence of ratMx2 (Fig. 2A, B). Production of viral pro-
teins in LACV-infected and RVFV-infected cells was sup-
pressed to 14% and 41%, respectively, in ratMx2-expressing
cells compared to untransfected control cells. The antiviral ac-
tivity of ratMx2 against the bunyaviruses was comparable to
that against VSV, which was reduced to 27% (Fig. 2E), whereas
expression of ratMx2 did not interfere with viral protein syn-
thesis in THOV-infected or FLUAV-infected cells (Fig. 2C, D).
In contrast, the nuclear ratMx1 clearly inhibited viral replica-
tion and, subsequently, protein synthesis of THOV and FLUAV
(Fig. 2C, D) to 3% and 1% of the control cells, respectively.
As expected, expression of the nuclear ratMx1 protein had no
effect on the replication of LACV, RVFV, and VSV (Fig. 2A,
B, E). Furthermore, there was no detectable reduction of viral
protein synthesis in ratMx3-expressing cells for all viruses
tested in this study.

Antiviral activity of nuclear variants of ratMx2 
and ratMx3

The subcellular localization of Mx proteins has been reported
to have a strong influence on their antiviral specificity.(36,41,42)

Therefore, we tested the effect of ratMx2 and ratMx3 on viral
replication by translocation of these proteins into the nucleus
with the help of an N-terminal nuclear localization signal. Not
surprisingly, the nuclear form of ratMx2 (ratMx2-N) showed
no antiviral activity against RVFV as well as VSV, and its ac-
tivity against LACV was significantly reduced compared with
that of the wild-type protein (Fig. 2A, D, E). In contrast,
ratMx2-N inhibited the replication of FLUAV and, to a lesser
extent, that of THOV (Fig. 2C, D). Furthermore, the expression
of ratMx3-N did not affect the replication of any of the viruses
tested (Fig. 2A–E), confirming that ratMx3 is an antivirally in-
active protein.

DISCUSSION

Rat cells express three different Mx proteins on IFN-a treat-
ment.(9) Here we demonstrate that ratMx1 and ratMx2 but not
ratMx3 possess antiviral activity against several arthropod-
borne viruses of the families Orthomyxoviridae, Bunyaviridae,
and Rhabdoviridae (Table 1). We show that the nuclear ratMx1
protein blocks the replication of THOV and FLUAV (both of
which replicate their genome in the nucleus), whereas the cy-
toplasmic ratMx2 protein inhibits LACV, RVFV, and VSV (all
of which replicate in the cytoplasm). The results demonstrate
that rat Mx proteins have to be at the intracellular site of viral
replication in order to inhibit viral multiplication, as previously
proposed.(10,36) The observation that a considerable number of
cells express RVFV proteins even in the presence of ratMx2
(85 of 251 ratMx2-expressing cells also accumulate RVFV pro-
teins) is in line with previous findings. We and others have
shown that the extent of viral inhibition correlates with the
amount of human MxA protein expressed in infected
cells.(43–45) It is, therefore, not unexpected that some viral pro-
tein synthesis may also occur in cells expressing low amounts
of rat Mx proteins.

The murine Mx system (consisting of MuMx1 and MuMx2)
closely resembles that of rats.(1) Sequence analysis, intracellu-
lar localization, and antiviral profile indicate that MuMx1 is a
homolog to ratMx1. Similarly, MuMx2 is homologous to
ratMx2. Thus, both rodent species express highly specialized
Mx proteins to fight viruses with different replication strate-
gies. These findings are remarkable because Mx proteins of
other species have the ability to inhibit viruses irrespective of
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TABLE 1. SUBCELLULAR LOCALIZATION AND ANTIVIRAL ACTIVITIES OF MX PROTEINS

Subcellular
Species Mx protein localization VSV FLUAV THOV LACV RVFV

Rat ratMx1 Nuclear 2 1 1 6 2
ratMx2 Cytoplasmic 1 2 2 1 1
ratMx3 Cytoplasmic 2 2 2 2 2
ratMx2-Na Nuclear 2 1 6 2 2
ratMx3-Na Nuclear 2 2 2 2 2

Mouse MuMx1 Nuclear 2 1 1 n.d.b n.d.
MuMx2 Cytoplasmic 1 2 n.d. n.d. n.d.

aratMx2-N and ratMx3-N contain the nuclear translocation signal of the SV40 large T antigen at its amino-terminus.
bn.d., not determined.

Antiviral activity against



the intracellular site of their replication. The human MxA pro-
tein, for example, is localized in the cytoplasm but interferes
with the multiplication of FLUAV,(46) influenza C virus,(47)

and THOV.(43) The mechanism by which MxA blocks the
replication of THOV has been described recently.(48,49) MxA
binds to incoming viral ribonucleoprotein complexes (vRNP)
and thereby prevents their nuclear import. This results in an
early and efficient block of viral multiplication. In the case of
FLUAV, MxA allows the transport of incoming vRNP into
the nucleus, and primary transcription takes place but subse-
quent viral multiplication steps are inhibited.(3,4) Besides
orthomyxoviruses, MxA is able to inhibit the multiplication
of many other RNA viruses that replicate in the cytoplasm.
Among these are members of the families Bunyaviridae,(31,45)

Paramyxoviridae,(50,51) Rhabdoviridae,(46) and Togaviri-
dae.(52,53) Obviously, humans and rodents have evolved dif-
ferent strategies to inhibit RNA viruses. Human cells express
a single Mx protein that inhibits a wide range of viruses,
whereas rodent cells express two different Mx proteins with
more specific antiviral activities.

The artificial translocation of antivirally active Mx proteins
from one cellular compartment to another often changes their
activities.(36,41,42) In line with these observations, we have found
that ratMx2-N shows only a residual antiviral activity against
LACV and does not inhibit the replication of RVFV and VSV
but is active against FLUAV and moderately active against
THOV. Most likely, ratMx2-N is unable to interact with viral
targets in the cytoplasm because of its nuclear localization. It is,
however, less obvious why the multiplication of FLUAV and
THOV is not affected in cells expressing ratMx2, whereas the
replication of these viruses is inhibited by ratMx2-N. One might
speculate that the nucleus contains a cellular factor enabling
ratMx2-N to recognize its target (probably the vRNP) and to in-
hibit viral transcription/replication. Interestingly, in a yeast two-
hybrid screen, MuMx1 has been shown recently to interact with
several nuclear body-associated proteins, including protein ki-
nase interacting with Mx proteins (PKM), Fas death domain-as-
sociated protein (Daxx), and 100 kDa nuclear protein antigen
(Sp100) (O. Engelhardt, G. Kochs, and O. Haller, unpublished
observations). It remains to be seen whether one of these pro-
teins is needed by ratMx2-N to execute its antiviral function.
Alternatively, the activity of the viral polymerase in the nucleus
leads to conformational changes that expose target structures to
ratMx2-N. This might also explain why ratMx2-N but not
ratMx2 inhibits the multiplication of orthomyxoviruses.

The most recent outbreak of RVFV in the Kingdom of Saudi
Arabia and in Yemen(18,19) shows that trade and traffic of the
modern world allows viruses to spread quickly outside their
original endemic areas. A better understanding of the innate
antiviral defense of rodents might help us to develop new strate-
gies to control emerging viral infections.
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