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Alpha interferon (IFN-�) production is triggered when influenza virus RNA is detected by appropriate pattern recognition re-
ceptors in the host cell. IFN-� induces the expression of more than 300 interferon-stimulated genes (ISGs), and this blunts influ-
enza virus replication. The human ISG MxA can inhibit influenza A virus replication in mouse cells by interfering with a step in
the virus replication cycle after primary transcription of the negative-strand RNA genome to mRNA (J. Pavlovic, O. Haller, and
P. Staeheli, J. Virol. 66:2564 –2569, 1992). To determine the role of MxA in blocking human influenza A virus replication in pri-
mate cells, we manipulated MxA expression in rhesus kidney epithelial cells (LLC-MK2) and human lung carcinoma cells (A549).
We found that IFN-� treatment prior to influenza virus infection suppressed virus replication and induced the expression of
many ISGs, including MxA. However, IFN-�-mediated suppression of virus replication was abolished by small interfering RNA
(siRNA) knockdown of MxA expression in IFN-treated cells. In addition, influenza virus replication was suppressed in Vero cells
stably transfected with MxA. A strand-specific reverse transcription-PCR (RT-PCR) assay showed that positive-strand influenza
virus mRNA and negative-strand genomic RNA (gRNA) accumulated to high levels at 8 h after infection in control Vero cells
containing the empty vector. However, in Vero cells stably transfected with MxA positive-strand influenza virus mRNA, comple-
mentary positive-strand influenza virus genome RNA (cRNA) and influenza virus gRNA were drastically suppressed. Thus, in
primate cells, MxA inhibits human seasonal influenza virus replication at a step prior to primary transcription of gRNA into
mRNA. Taken together, these results demonstrate that MxA mediates control of influenza virus replication in primate cells
treated with IFN-�.

Influenza A viruses are enveloped viruses with a segmented neg-
ative-strand RNA genome and a complex replication cycle. After

attachment, the virus enters the cell by receptor-mediated endo-
cytosis (1) and the viral nucleocapsids (vRNPs), which contain the
RNA genome bound to nucleoprotein (NP) and the viral RNA-
dependent RNA polymerase (2, 3), are released into the cytoplasm
and transported to the nucleus (4). In the nucleus, the negative-
strand viral RNA genome segments (genomic RNA [gRNA]) are
transcribed to produce viral mRNAs, a process referred to as pri-
mary transcription. Viral mRNAs are translocated to the cyto-
plasm and use the host cell translational machinery to produce
new viral proteins. When sufficient levels of NP traffic to, and
accumulate in, the nucleus, the viral polymerase switches from
producing mRNA to producing full-length positive-strand com-
plementary genome RNA (cRNA) (5, 6). Production of cRNA
from gRNA is referred to as secondary transcription. These cRNAs
are in turn used as the template for de novo synthesis of new neg-
ative-strand gRNAs. Newly made gRNA is then complexed with
the viral polymerase and encapsidated by NP to form new vRNPs,
which are then exported from the nucleus (7) and transported to
the cell membrane for packaging into daughter virions that bud
from the cell (8).

Understanding the cell biology of influenza virus replication is
important because seasonal influenza A viruses cause highly con-
tagious upper respiratory tract infections in humans that result in
high morbidity and mortality each year, mostly in the young, old,
and immunocompromised (9). Thus, seasonal influenza A viruses
have both public health and economic impacts that make identi-
fying new interventions for controlling virus replication in hu-
mans an important area of research. Type I interferons (alpha and
beta interferons [IFN-� and -�, respectively]) elaborated as part

of the innate immune response suppress influenza A virus repli-
cation and reduce disease in mice, ferrets, and nonhuman
primates (10–12). Infected cells express type I IFNs when the sin-
gle-stranded negative-strand RNA influenza virus genome is rec-
ognized by pattern recognition receptors in the cytoplasm and
endosomes. Type I IFN expression in turn induces the expression
of hundreds of interferon-stimulated genes (ISGs), such as myxo-
virus resistance genes (MxA in primates and Mx1 in mice), RNA-
dependent protein kinase (PKR), oligoadenylate synthetase (OAS),
interferon-stimulated gene 15 (ISG15), and interferon-inducible
transmembrane protein 3 (IFITM3) (13). ISGs are effective
against a variety of viruses, with a range of antiviral activities that
can include blocking protein synthesis, degrading RNA genomes,
or misdirecting viral components away from the cellular sites of
virus replication (14).

Mx1 is the ISG that blocks influenza A virus replication in
mouse cells. In the A2G mouse line, which is resistant to infection
with mouse-adapted influenza virus strains, influenza virus resis-
tance was mapped to Mx1 (15, 16). In contrast to the functional
Mx1 gene present in A2G mice and most wild mice (17, 18), the
majority of inbred laboratory strains have a deletion or nonsense
mutation in the Mx1 gene rendering it nonfunctional (19). Func-
tional Mx1 is located in the nucleus of mouse cells, and it blocks
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primary transcription of the influenza virus genome by directing
the viral gene segments to degradation pathways (20–22). How-
ever, the mechanism by which type I IFNs inhibit influenza virus
replication in primate cells has not been determined. In contrast
to mouse cells, where Mx1 is located in the nucleus (20–22), MxA,
the primate homologue of Mx1, is located in the cytoplasm of
primate cells. While MxA can block influenza virus replication in
murine cells (38), the role of MxA in suppressing human influenza
virus replication in primate cells has not been determined.

In our previous studies, we noted that while the level of influ-
enza virus replication correlates with the mRNA levels of IFN-�
and most ISGs in the respiratory tract of rhesus macaques (RM),
MxA expression was suppressed by uncontrolled virus replication
(23). When influenza virus replication was moderated by admin-
istering oseltamivir phosphate (Tamiflu), MxA expression was
greatly increased while expression of IFN and other ISGs was de-
creased (23). Because MxA expression is tightly regulated by type
I IFN (24), these observations suggest that influenza virus actively
suppresses MxA expression. The purpose of this study was to de-
termine the role of MxA in IFN-�-induced control of influenza A
virus replication in primate cells.

MATERIALS AND METHODS
Cells and viruses. Madin-Darby canine kidney (MDCK) cells were main-
tained in minimal essential medium (MEM) supplemented with 10% fetal
bovine serum (FBS) and 2 mM L-glutamine (Invitrogen Life Technolo-
gies, Grand Island, NY). RM monkey kidney cells (LLC-MK2) were main-
tained in MEM containing 0.1 mM MEM nonessential amino acids
(NEAA; Invitrogen Life Technologies, Grand Island, NY), and human
lung carcinoma cells (A549) were maintained in Ham’s F-12K medium
supplemented with 10% FBS. These cells produce IFN-� and the com-
plete type I IFN-stimulated gene response after influenza virus infection.
Thus, with these cells we can determine if MxA plays a role in controlling
influenza A virus replication in the context of the global type I IFN re-
sponse to virus infection. A Vero monkey kidney cell line (Vero) consti-
tutively expressing MxA (VA9 cells) and a MxA-negative Vero cell line
(VN36 cells) were generously provided by Georg Kochs at the University
of Freiburg, Freiburg, Germany (25). Vero cells are incapable of produc-
ing type I IFN in response to influenza virus infection; thus, they were
used to determine the effect of MxA expression alone on influenza virus
replication without the confounding effects of the global type I IFN re-
sponse.

VA9 and VN36 cells were maintained in Dulbecco’s modified Eagle’s
medium containing L-glutamine (DMEM) supplemented with 10% fetal
bovine serum (FBS) and 2 mg/ml Geneticin (Invitrogen Life Technolo-
gies, Grand Island, NY). MDCK, LLC-MK2, and A549 cells were obtained
from the ATCC (Manassas, VA).

The minimally passaged human isolate influenza virus strains
A/Memphis/7/01 (generously provided by R. Webby, St. Jude Children’s
Research Hospital, Memphis, TN) and A/Wyoming/3/03 (Influenza Re-
agent Resource, Manassas, VA) were grown on MDCK cells to 106.5 50%
tissue culture infective doses (TCID50)/ml and 104.5 TCID50/ml, respec-
tively. Titers were determined by TCID50 assays on MDCK cells as previ-
ously described (23).

Influenza virus infections. For all influenza A virus infections, cells
were inoculated at a multiplicity of infection (MOI) of 0.01 for 1 h at 37°C.
Infected cells were then maintained in infection medium consisting of
MEM supplemented with 0.3% bovine serum albumin (BSA) fraction V
(Invitrogen Life Technologies, Grand Island, NY), 2 mM L-glutamine, 0.1
mM NEAA, and 2 �g/ml of tosylsulfonyl phenylalanyl chloromethyl ke-
tone (TPCK) trypsin (Sigma-Aldrich, St. Louis, MO). For TCID50 assays,
supernatants were collected at 36 h after infection and frozen at �80°C.
For strand-specific PCR, cells were trypsinized with trypsin-EDTA (Cell-

gro, Manassas, VA) and pelleted. Cell pellets were then lysed with TRIzol
reagent (Invitrogen Life Technologies, Grand Island, NY) and stored at
�80°C.

siRNA knockdown experiments. A high-performance purity (HPP)
small interfering RNA (siRNA) directed against rhesus macaque MxA was
generated against the full-length mRNA sequence cloned from rhesus
macaque peripheral blood mononuclear cells (PBMCs) and submitted to
GenBank. The MxA-specific siRNA (siMxA) was 5=-ATGGGAATCAGT
CATGAGCTA-3= (rhesus macaque MxA GenBank accession no.
EF101561) with DNA overhangs and was unmodified. siRNA experi-
ments were carried out in 6-well flat-bottom cell culture plates containing
LLC-MK2 rhesus kidney epithelial cells starting at 2.5 � 105 cells/well.
siRNAs for siMxA or the negative-control siRNA (tagged with Alexa 488)
were transfected at a concentration of 100 nM into cells using Oligo-
fectamine reagent (Invitrogen Life Technologies, Grand Island, NY) ac-
cording to the manufacturer’s instructions. Six hours later, the transfec-
tion solution was aspirated and 20,000 IU of Pegasys IFN-�-2a in
complete medium was added to the cultures. Cells were then incubated
for 24 h, washed with phosphate-buffered saline (PBS) again, and infected
with A/Memphis/7/01 influenza A virus as described above. Supernatants
were frozen at �80°C and later used to determine the levels of infectious
virus by determining TCID50 in MDCK cells.

Viral ssRT-QPCR assays. A strand-specific reverse transcription-
quantitative PCR (ssRT-QPCR) assay based on a published method for
quantifying all three influenza virus RNA species (11) was modified for
A/Wyoming/3/03 H3N2 and A/Memphis/7/01 H1N1. Cell pellets were
lysed using TRIzol reagent per the manufacturer’s instructions (Invitro-
gen Life Technologies, Grand Island, NY) and stored at �80°C. To per-
form the assay, the samples stored in TRIzol were thawed and total RNA
was extracted using Qiagen’s RNeasy microkit per the manufacturer’s
instructions. cDNA synthesis was performed as described below with one
exception. cDNA synthesis from the cRNA template was performed with
the addition of 6.5 �l of saturated trehalose (using trehalose dihydrate;
Life Sciences Advanced Technologies, St. Petersburg, FL) in place of nu-
clease-free water to reduce nonspecific amplification of mRNA by cRNA
primers (11).

To construct plasmids for standard curves, total RNA was extracted
from 1 � 106 A549 cells at 6 h post-influenza virus infection with either
A/Wyoming/3/03 H3N2 or A/Memphis/7/01 H1N1 (MOI, 0.01) using an
RNeasy minikit per the manufacturer’s instructions (Qiagen Inc., Valen-
cia, CA). cDNA was made from 5 �l of total RNA using tagged cDNA
synthesis oligonucleotides in segment 5 for each specific strand of interest.
For A/Memphis/7/01, cDNA was synthesized using oligonucleotides spe-
cific for gRNA, A/Mem H1N1 seg5 vtagsynth (GGC CGT CAT GGT GGC
GAA TGA ATG GAA GGA AAA CAA GGA TTG C); mRNA, A/Mem
H1N1 seg5 mtagsynth (CCA GAT CGT TCG AGT CGT TTT TTT TTT
TTT TTT TCA TTA ATT GTC); and cRNA, A/Mem H1N1 seg5 ctagsynth
(GCT AGC TTC AGC TAG GCA TCA GTA GAA ACA AGG GTA TTT
TTC ATT). A/Wyoming/3/03 cDNA was synthesized using primers spe-
cific for gRNA, A/Wyo H3N2 seg5 vtagsynth (GGC CGT CAT GGT GGC
GAA TGA ATG GGC GGA AAA CAA GAA GTG C); mRNA, A/Wyo
H3N2 seg5 mtagsynth (CCA GAT CGT TCG AGT CGT TTT TTT TTT
TTT TTT TCC TTA ATT GTC); and cRNA, A/Wyo H3N2 seg5 ctagsynth
(GCT AGC TTC AGC TAG GCA TCA GTA GAA ACA AGG GTA TTT
TTC CTT). cDNA synthesis was performed using the Quantitect reverse
transcription kit (Qiagen) as follows.

On ice, 5 �l of total RNA, 1 �l of nuclease-free water, and 1 �l of 7�
gDNA Wipeout buffer were mixed. The mixture was then incubated at
42°C in a preheated thermal cycler for 3 min and immediately placed back
on ice for 5 min. While still on ice, the following master mix was added: 4
�l 5� Quantiscript reverse transcriptase (RT) buffer, 1 �l Quantiscript
RT, 1 �l 20 �M tagged strand-specific primer, and 7 �l nuclease-free
water (or in the case of cRNA, 6.5 �l saturated trehalose and 0.5 �l nu-
clease-free water). The resulting mixture was vortexed briefly, spun down,
and placed back on ice. The cDNA synthesis reaction mixtures were then
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placed in a preheated thermal cycler at 42°C for 30 min and heated to 95°C
for 3 min, with a final dwell at 4°C. The cDNA reaction mixture was then
diluted 1:10 with Tris-EDTA (TE), pH 8.0, and 5 �l was used as the
template for PCR.

PCR was done with 5 �l strand-specific cDNA template, and PCR was
performed with HotStarTaq Plus (Qiagen Inc., Valencia, CA) in a 25-�l
total volume per the manufacturer’s instructions. PCR primers were as
follows: A/Memphis/7/01 gRNA amplicon, forward primer vRNAtag
(GGC CGT CAT GGT GGC GAA T) and reverse primer A/Memseg5
vRNA_R (CTT AAT ATG AGT GCA GAC CGT GCC); A/Memphis/7/01
mRNA amplicon, forward primer A/Memseg5 cRNAmRNA_F (CGA
TCG TGC CCT CCT TTG) and reverse primer mRNAtag (CCA GAT
CGT TCG AGT CGT); A/Memphis/7/01 cRNA amplicon, forward
primer A/Memseg5 cRNAmRNA_F (CGA TCG TGC CCT CCT TTG)
and reverse primer cRNAtag (GCT AGC TTC AGC TAG GCA TC);
A/Wyoming/3/03 gRNA amplicon, forward primer vRNAtag and reverse
primer A/Wyoseg5 vRNA_R (CCT CTC AAT ATC AAT GCA GAT CTT
GCC); A/Wyoming/3/03 mRNA amplicon, forward primer A/Wyoseg5
cRNAmRNA_F (CCG ATC GTG CCC TCT TTT G) and reverse primer
mRNAtag; A/Wyoming/3/03 cRNA amplicon, forward primer A/Wyoseg5
cRNAmRNA_F (CCG ATC GTG CCC TCT TTT G) and reverse primer
cRNAtag. PCR was done in an Eppendorf Mastercycler (Eppendorf AG.
Hamburg, Germany). The cycling conditions were as follows: 95°C for 5
min, followed by 8 cycles of 94°C for 20 s, 63°C for 20 s [�1°C/cycle], and
72°C for 20 s; followed by 35 cycles of 94°C for 20 s, 56°C for 20 s, and 72°C
for 20 s; and then 72°C for 10 min, with a final dwell at 4°C. One microliter
of the PCR product was cloned into pCR-4 TOPO per the manufacturer’s
instructions. Plasmids were then purified using Qiagen’s plasmid minikit
per the manufacturer’s instructions and sequenced, and plasmid copy
numbers were calculated based on Nanodrop 2000 (Thermo Scientific,
Wilmington, DE) spectrophotometer readings. To calculate the number
of strand-specific copies, standard curves were made using plasmids con-
taining 101 to 107 copies per well in at least 12 wells per dilution.

The ssRT-QPCR assay was performed using Qiagen’s QuantiTect PCR
probe kit (Qiagen, Valencia, CA) as follows. Five microliters of 10-fold-
diluted species-specific cDNA was added to a master mix containing 12.5
�l of QuantiTect Probe PCR master mix, 0.5 �l of 10 �M probe, 1.0 �l
each of 10 �M forward and reverse primers, and 5.0 �l of nuclease-free
water. All primers and probes were ordered through Integrated DNA
Technologies, Inc., Coralville, IA. A universal probe was used to detect
gRNA species in both viruses: universal vRNA_P1 (5,6-carboxyfluores-
cein [5,6-FAM]–TGA GAT CTT-ZEN-CGA WCT CAG CAT TTC CTG
GRT TCC-3IABkFQ); the universal probe to detect mRNA or cRNA spe-
cies was universal cRNAmRNA_P1 (5,6-FAM–AGT AAT GAA-ZEN-
GGA TCT TAT TTC TTC GGA GAC AAT GC-3IABkFQ). Other primers
and probes were as follows: to detect A/Memphis/7/01 gRNA, forward
primer vRNAtag (GGC CGT CAT GGT GGC GAA T), reverse primer
A/Memseg5 vRNA_R (CTT AAT ATG AGT GCA GAC CGT GCC), and
probe univ vRNA_P1; for A/Memphis/7/01 mRNA, forward primer
A/Memseg5 cRNAmRNA_F (CGA TCG TGC CCT CCT TTG), reverse
primer mRNAtag (CCA GAT CGT TCG AGT CGT), and probe univ
cRNAmRNA_P1; for A/Memphis/7/01 cRNA, forward primer A/Memseg5
cRNAmRNA_F, reverse primer cRNAtag (GCT AGC TTC AGC TAG
GCA TC), and probe univ cRNAmRNA_P1; for A/Wyoming/3/03 gRNA,
forward primer vRNAtag, reverse primer A/Wyoseg5 vRNA_R (CCT
CTC AAT ATC AAT GCA GAT CTT GCC), and probe univ vRNA_P1;
for A/Wyoming/3/03 mRNA detection, forward primer A/Wyoseg5
cRNAmRNA_F (CCG ATC GTG CCC TCT TTT G), reverse primer
mRNAtag, and probe univ cRNAmRNA_P1; for A/Wyoming/3/03 cRNA,
forward primer A/Wyoseg5 cRNAmRNA_F, reverse primer cRNAtag,
and probe univ cRNAmRNA_P1. ssRT-QPCRs were run on an ABI 7900
system heated at 95°C for 15 min, followed by 45 cycles of 95°C for 15 s
and 60°C for 1 min.

Immunocytochemistry. Cytospin slides were fixed with 100% ace-
tone at 4°C for 15 min and then air dried and stored at �20°C. Before

applying the first antibody, slides were blocked with 10% normal goat
serum at room temperature for 20 min. MxA antibody (clone M143; a gift
from Georg Kochs, Institute for Medical Microbiology and Hygiene,
Freiburg, Germany) was diluted 1:100 in Tris-buffered saline (TBS)–5%
bovine serum albumin (BSA)–2% normal monkey serum and placed onto
the slides, and the slides were incubated at 4°C overnight. Binding of
the MxA primary antibody was detected using Alexa Fluor 568-labeled
polyclonal goat anti-mouse IgG (Life Technologies, Grand Island, NY),
diluted in 1:400 TBS-5% BSA-2% normal monkey serum at room
temperature for 1 h. Subsequently, an influenza virus nucleoprotein
(NP) monoclonal antibody (fluorescein isothiocyanate [FITC]) (clone
M2110169; Fitzgerald Industries International, North Acton, MA) was
diluted 1:50, and a rabbit anti-FITC antibody (Invitrogen, Carlsbad, CA)
was added to the slide and incubated at room temperature for 1 h. Binding
of the rabbit anti-FITC antibodies was detected using Alexa Fluor 488-
labeled goat anti-rabbit IgG (Life Technologies, Grand Island, NY). Slides
were washed 3 times for 5 min in Tris-buffered saline (TBS) containing
0.5% Tween 20. Slides were briefly incubated in a 4=,6-diamidino-2-phe-
nylindole (DAPI) solution to stain nuclei. Primary antibodies were re-
placed by mouse IgG (Dako, Carpinteria, CA) and included with each
staining series as the negative control. All slides were coverslipped using
Prolong Gold with 4=,6-diamidino-2-phenylindole dihydrochloride hy-
drate (DAPI) (Life Technologies, Grand Island, NY) to stain nuclei. Slides
were visualized with epifluorescent illumination using a Zeiss Imager Z1
microscope (Carl Zeiss Inc., Thornwood NY) and appropriate filters. Dig-
ital images were captured using a Zeiss AxioCam system.

Statistical analysis. Statistical analyses were performed using Prism
5.0 software (GraphPad Software). A two-tailed t test was used to compare
two groups. For comparisons of more than 2 groups, one-way analysis of
variance (ANOVA) with Tukey’s multiple comparison test was used.

RESULTS
IFN-�-induced MxA is necessary to control influenza virus rep-
lication in primate cells. To determine if IFN-�-induced MxA
expression correlated with suppressed influenza A virus replica-
tion, LLC-MK2 cells were treated with recombinant human pegy-
lated IFN-� (Pegasys; Roche Pharmaceuticals) 24 h prior to
A/Memphis/7/01 inoculation (MOI, 0.01) (Fig. 1A). We found
that IFN-� induced expression of MxA and suppressed influenza
A virus replication in a dose-dependent manner (Fig. 1A and B).
In fact, the highest concentration of IFN-� tested (2 � 104 IU/ml)
induced a 102.5-fold increase in MxA mRNA levels in LLC-MK2

cells and reduced influenza virus matrix gene RNA levels 101.5-
fold compared to control cultures. Thus, administration of exog-
enous IFN-� to LLC-MK2 cells induced MxA expression and sup-
pressed influenza A virus replication.

To determine if MxA expression is necessary to control influ-
enza virus replication, MxA mRNA was knocked down in inter-
feron-treated LLC-MK2 cells prior to infection. LLC-MK2 cells
were transfected with MxA siRNA designed for rhesus macaque
MxA (siMxA) 6 h prior to administration of 2 � 104 IU/ml of
IFN-�. There was a 90% reduction in MxA mRNA and protein
levels in LLC-MK2 cells transfected with MxA siRNA compared to
those in IFN-�-treated LLC-MK2 cells transfected with a negative-
control siRNA (Qiagen’s AllStars) (Fig. 1C and D). The level of
influenza virus replication in cells administered IFN-� 24 h prior
to A/Memphis/7/01 inoculation was similar to the level in IFN-�-
treated cells that were transfected with an irrelevant siRNA but
lower than that in control cells infected with A/Memphis/7/01
(Fig. 1E). Thus, IFN-�-treated cells produced 101.3-fold less infec-
tious virus than did untreated LLC-MK2 cultures infected with
A/Memphis/7/01 (ANOVA, P � 0.0029; Tukey’s test, P � 0.05)
(Fig. 1E). However, when MxA expression was knocked down in
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IFN-�-treated cells by transfection with siMxA, LLC-MK2 cells
produced infectious virus in amounts similar to those of untreated
control cells (Fig. 1E). This siRNA effect was MxA specific, as the
levels of influenza virus produced by IFN-�-treated cells trans-
fected with the negative-control siRNA (siNeg) were similar to
those in IFN-�-treated cells and significantly lower than those in
untreated cells (ANOVA, P � 0.0029; Tukey’s test, P � 0.01) (Fig.
1E). When the experiment was repeated in human A549 cells, only
70 to 80% knockdown of MxA mRNA could be achieved. As ex-

pected, this level of MxA knockdown blunted, but did not com-
pletely abrogate, the anti-influenza virus effect of IFN-� (data not
shown). Thus, knocking down �90% of IFN-induced MxA ex-
pression was required to abrogate the anti-influenza virus effect of
interferon as was achieved in LLC-MK2 cells. This result confirms
that MxA expression is necessary for IFN-�-mediated suppres-
sion of human seasonal influenza virus replication in human and
nonhuman primate cells.

To determine the localization of MxA and influenza virus nu-

FIG 1 MxA is necessary for control of human seasonal influenza virus replication in IFN-�-stimulated LLC-MK2 cells. (A) Effect of IFN-� administration on
MxA mRNA expression 24 h after treatment. Bars represent an average of three replicate cultures (mean 	 standard error). (B) Effect of IFN-� administration
on A/Memphis/7/01 virus replication. Values represent the log10 copies of matrix RNA/ml of culture supernatant. Bars are an average of three replicate cultures
(mean 	 standard error). (C) Knockdown of rhesus macaque MxA. Cell cultures were transfected with siRNAs against MxA (siMxA) or with AllStar negative-
control siRNA (siNeg), and 24 h later, IFN-� was added. Bars represent the average of two experiments run in triplicate (mean 	 standard error). (D)
Immunofluorescence staining of cytospin slides of cells transfected with siMxA or siNeg and inoculated with IFN-� for MxA (red) and DAPI (blue). (E)
Infectious influenza virus titers (TCID50/ml) in supernatant of cultures transfected with siMxA or siNeg. Six hours later, IFN-� was added, and 24 h after that,
the cells were infected with A/Memphis/7/01 and compared to control cultures infected with A/Memphis/7/01 alone or treated with IFN-� and then infected with
A/Memphis/7/01. Bars represent the average of four experiments run in triplicate (mean 	 standard error). The P value was generated using an ANOVA, and the
results of Tukey’s post hoc pairwise comparisons are shown only if differences were significant.
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cleoprotein (NP) in LLC-MK2 cells, IFN-� (2 � 104 IU/ml) was
added to cultures 24 h prior to A/Memphis/7/01 inoculation
(MOI, 0.01). Twenty-four hours after infection, cytospins of the
infected and uninfected cells were labeled to detect MxA and NP
and examined by fluorescence microscopy. In the IFN-�-stimu-
lated, uninfected cells (Fig. 2A), MxA was diffusely distributed
throughout the cytoplasm, and in addition, most cells had a peri-
nuclear space devoid of MxA labeling. In the influenza virus-in-
fected cells (Fig. 2B), the distribution of MxA was no longer dif-
fuse. In some infected cells, MxA was found concentrated in
perinuclear aggregates, while in other cells, MxA colocalized with
NP in the cytoplasm. In some cells, both types of MxA localization
were apparent.

MxA expression is sufficient to control human seasonal in-
fluenza virus replication. To determine whether MxA expression
is sufficient to control seasonal human influenza virus replication
in primate cells, we used Vero cells stably transfected with human
MxA (VA9 cells) or a negative-control Vero cell line transfected
with an empty vector (VN36) (Fig. 3A and B); both cell lines were
generously provided by Georg Kochs (25). Vero cells are unable to
produce type I IFN in response to viral infection (26, 27), but they
respond normally to exogenous type I IFN. The absence of an
endogenous interferon response to infection by influenza virus
makes Vero cells uniquely appropriate for assessing the effect of
exogenous MxA expression on influenza A virus replication. Note
that VA9 cells express about 101-fold more MxA mRNA than do
IFN-�-stimulated VN36 cells (P � 0.0001) (Fig. 3A). VA9 or
VN36 cells were infected with A/Memphis/7/01 (MOI of 0.01),
and strand-specific RT-PCR was used to determine the levels of
matrix and NP gRNA (28). Eight hours after infection, influenza
virus matrix and NP gRNA levels were approximately 101.5-fold
lower in VA9 cells than in VN36 cells (P � 0.0001) (Fig. 3C and
D). Because influenza virus NP and matrix gRNA levels were sim-
ilarly affected by MxA expression, we used NP RNA levels as a
marker for influenza virus replication. This demonstrates that ex-
pression of human MxA in Vero cells is sufficient to control hu-
man seasonal influenza virus replication in primate cells.

MxA blocks influenza virus replication at, or before, primary
transcription of the RNA genome. To determine at what point
MxA inhibits the replication cycle of influenza A virus in primate
cells, ssRT-PCR was used to monitor the levels of positive-
stranded NP mRNA, positive-stranded NP cRNA, and negative-
stranded NP gRNA in cells infected with A/Memphis/7/01 (Fig. 4).
Replication of human influenza virus isolates is hindered at 41°C
(29, 30) during transcription of cRNA to gRNA. This block in

secondary transcription is due to the unstable interaction between
cRNA and the virus polymerase above 37°C. Thus, when human
influenza virus-infected cells are cultured at 41°C, influenza virus
gRNA levels are suppressed but influenza virus mRNA levels are
high (31). To confirm that the ssRT-PCR method produced sim-
ilar results, the levels of influenza virus mRNA, cRNA, and gRNA
in A549 cells infected with A/Memphis/7/01 (MOI, 0.01) and
maintained at 41°C or treated with IFN-� were determined and
compared to those in control A549 cultures (37°C and no IFN-
�). In cultures infected and maintained at 41°C, we found that
gRNA levels were suppressed but mRNA and cRNA levels were
high, similarly to 37°C control cultures (Fig. 4A to C). This
result is consistent with the published description of the nega-
tive effect of high temperature on influenza virus RNA synthe-
sis (31) and suggests that the ssRT-PCR method can be used to
detect blocks at specific steps in the influenza virus replication
cycle.

To determine at what step MxA blocks influenza virus replica-
tion, IFN-� was administered to A549 cells 24 h prior to infection
with A/Memphis/7/01. The levels of gRNA, mRNA, and cRNA
were low from 0 to 12 h postinfection (p.i.) compared to high
levels of all 3 RNAs in control cultures (Fig. 4A to C). The ratio of
mRNA to gRNA is a measure of the efficiency of gRNA produc-
tion. This ratio was much higher in control cells or IFN-�-treated
cells incubated at 37°C than in 41°C cultures, a finding that is
consistent with a block in gRNA production (Fig. 4D). In fact
when the mRNA/gRNA ratios from 0 to 12 h were converted to an
area under the curve (AUC) value and the mRNA/gRNA AUC
values between all three culture conditions were compared
(Fig. 4E), IFN-�-treated cultures had 3-fold-lower mRNA/gRNA
AUC values than did 41°C cultures (ANOVA, P � 0.0001; Tukey’s
test, P � 0.05) (Fig. 4E) and 1.5-fold-lower mRNA/gRNA AUC
values than did 37°C control cultures (ANOVA, P � 0.0001;
Tukey’s test, P � 0.05) (Fig. 4E).

To rule out the possibility that the decrease in influenza virus
replication in 41°C cultures was due to increased cell death at high
temperature, we determined the level of total (cellular plus viral)
RNA in infected cells incubated at 37°C, IFN-�-treated and in-
fected cells incubated at 37°C, and infected cells incubated at 41°C
(Fig. 4F). We found that there was no decrease in the level of total
RNA in any of the cultures from 1 to 12 h after inoculation
(Fig. 4F). Thus, cell death does not contribute to the decrease in
influenza virus replication in 41°C cultures. Taken together, these
data support the conclusion that primary transcription is the step
at which MxA suppresses human influenza virus replication.

FIG 2 MxA localizes in perinuclear aggregates within the cytoplasm of influenza virus-infected, IFN-�-stimulated LLC-MK2 cells. Cytospins of IFN-�-
stimulated LLC-MK2 cells were immunofluorescent antibody labeled to detect MxA protein (red), influenza virus nucleoprotein (green), and nuclei (blue). (A)
Uninfected cells. (B) Influenza A virus-infected cells 24 h after inoculation. Arrows denote perinuclear aggregates of MxA. Yellow indicates colocalization of MxA
and NP. Bars, 50 �m.
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Thus, in primate cells, IFN-�, and by extension MxA, blocks the
influenza A virus replication cycle at, or before, primary transcrip-
tion, when the negative-strand gRNA is transcribed into mRNA
by the viral RNA polymerase.

To confirm that primary transcription is the step at which MxA
suppresses human influenza virus replication, MxA-transfected
Vero (VA9) and empty-vector control (VN36) cells were infected
with A/Memphis/7/01 (MOI of 0.01) and influenza virus RNA
levels were analyzed 8 h later (Fig. 5A). This time point was se-
lected because gRNA and mRNA levels are high in control cells at
8 h p.i. (Fig. 4A and C). At 8 h p.i., all 3 viral RNA species (gRNA,
mRNA, and cRNA) were 102-fold lower in MxA
 VA9 cells than
in control VN36 cells infected at 37°C (Fig. 5A to C). Further,
compared to VN36 cells incubated at 41°C, VA9 cells had 102-

fold-lower influenza virus mRNA and cRNA levels (Fig. 5B and C)
and 101-fold lower influenza virus gRNA levels (Fig. 5A). Al-
though influenza virus mRNA and cRNA levels in VN36 cells at
41°C and 37°C were similar at 8 h p.i., influenza virus gRNA levels
were lower in 41°C VN36 cells than in 37°C VN36 cells (Fig. 5A).
Finally, the influenza virus mRNA-to-gRNA ratios in VA9 cells
and VN36 cells incubated at 37°C were similar and were signifi-
cantly lower than those in 41°C VN36 cells (ANOVA, P � 0.0001;
Tukey’s test, P � 0.05) (Fig. 5D). These results are consistent with
the conclusion that in Vero cells, as in A549 cells, MxA blocks
influenza A virus replication at, or before, primary transcription
of the negative-strand RNA genome to mRNA.

To determine if the effects of MxA are applicable to other hu-
man influenza virus isolates, we repeated the infections of VA9

FIG 3 A/Memphis/7/01 replication is inhibited in Vero cells stably transfected with human MxA. (A) MxA mRNA levels were assessed by TAQman PCR in
untreated MxA-transfected Vero cells (MxA
; VA9) and empty-plasmid-transfected control Vero cells (MxA�; VN36) treated with IFN-�. The levels of MxA
mRNA in these cultures relative to those in untreated VN36 cell cultures are shown. Bars represent the average of three samples (mean 	 standard error). (B)
Immunofluorescence was performed on cytospins of VA9 and VN36 cells for MxA (red) and nuclei (blue). (C) VA9 and VN36 cells were infected with
A/Memphis/7/01, and the levels of nucleoprotein (NP) gRNA were assessed 8 h later. (D) VA9 and VN36 cells were infected with A/Memphis/7/01, and the levels
of matrix gRNA were assessed 8 h later. Values presented are negative-strand gRNA copies per cell. Bars represent data from two experiments run in triplicate
(mean 	 standard error). (P values were generated with a two-tailed Student t test.)
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and VN36 cells with the human seasonal isolate A/Wyoming/3/03
(Fig. 5E to H). We chose this isolate because A/Wyoming/3/03 is
insensitive to Mx1 overexpression in mouse cells (32). At 8 h after
infection, all three species of A/Wyoming/3/03 RNA were 101- to
102-fold lower in VA9 cells than in 37°C VN36 cells or 41°C VN36
cells (Fig. 5E to G). Influenza virus gRNA in VA9 cells was 101-fold
lower than that in 37°C VN36 cells (Fig. 5E). Influenza virus
mRNA and cRNA levels in VA9 cells were nearly 100-fold lower
than those in 37°C VN36 and 41°C VN36 cells (Fig. 5F and G). The
ratio of mRNA to gRNA in VA9 cells was much lower than that in
41°C VN36 cells (ANOVA, P � 0.0001; Tukey’s test, P � 0.05)
(Fig. 5H). In contrast to A/Memphis/7/01, the mRNA/gRNA ratio
in A/Wyoming/3/03-infected 37°C VN36 cells was similar to that
in 41°C VN36 cells (Fig. 5D and H). This slight difference in re-
sults with the two virus strains could be due to a difference in the
replication kinetics of the two strains. In summary, MxA expres-
sion in primate cells reduces the levels of all three viral RNA spe-

cies to similar extents after infection with two human seasonal
influenza A virus strains and this effect is due to a block in viral
replication at, or before, primary transcription of gRNA to
mRNA.

DISCUSSION

Administration of exogenous IFN-� to primate cell cultures in-
creased MxA expression and suppressed influenza virus replica-
tion, reducing infectious virus titers more than 10-fold. Among
the many ISGs induced by IFN-� treatment of primate cells, we
found that MxA expression was necessary and sufficient to pro-
duce the type I IFN-mediated suppression of human seasonal in-
fluenza virus replication. This conclusion is based on three sepa-
rate lines of evidence. First, the dose of IFN-� added to primate
cell cultures correlates with the level of MxA expression and the
extent to which influenza virus replication is suppressed. Second,
when siRNA is used to knock down IFN-�-induced MxA expres-
sion, leaving the levels of all other ISGs high, influenza A virus
replication is not suppressed. Third, MxA overexpression in Vero
cells by itself suppresses human seasonal influenza virus replica-
tion 102-fold compared to that in control Vero cells transfected
with the empty vector. Finally, experiments with a second strain of
human seasonal influenza A virus produced similar results. Thus,
A/Wyoming/3/03 replication was blunted in MxA-expressing
Vero (VA9) cells. These results demonstrate that MxA is the IFN-
�-stimulated effector molecule that is responsible for suppressing
human seasonal influenza A virus replication in primate cells.

In addition, we found that MxA blocks the influenza virus life
cycle in primate cells before primary transcription of the negative-
strand virus genome to mRNA. This conclusion is based on the
fact that MxA expression suppressed production of all three influ-
enza virus RNA species, mRNA, cRNA, and gRNA, equally. This
general effect on influenza virus RNA production can be ex-
plained only if MxA blocks a step upstream of, or during, primary
gRNA transcription to mRNA. However, it remains to be deter-
mined how MxA exerts its effect so early in the virus replication
cycle. MxA is a GTPase protein that localizes to distinct compart-
ments of the smooth endoplasmic reticulum (21, 33–35). In the
case of La Crosse virus, which replicates in the cytoplasm, MxA
molecules are released from the smooth endoplasmic reticulum to
bind newly translated La Crosse virus NP, an interaction that pre-
vents the switch from mRNA to gRNA production (34). Thus, as
we describe above for influenza virus, production of all three La
Crosse virus RNA species is dramatically suppressed (36). How-
ever, because influenza A virus replicates in the nucleus, this can-
not explain the effect of MxA on influenza virus replication. Fur-
ther, the low-level accumulation of all three species of influenza
viral RNA in the presence of MxA that we observed is consistent
with a small fraction of influenza virus RNPs eluding MxA in the
cytoplasm and translocating to the nucleus, where production of
mRNA, cRNA, and gRNA could proceed unimpeded by MxA.
This hypothesis could form the basis of additional experiments to
define the detailed mechanism behind MxA-mediated early sup-
pression of influenza virus replication in primate cells.

This study makes clear that the ability of Mx1 to suppress virus
replication in mouse cells does not predict the extent of MxA
activity against the virus in primate cells. The human seasonal
isolate A/Wyoming/3/03 is insensitive to Mx1 in mouse cells (32),
but as we show here, it is very sensitive to MxA in primate cells
(Fig. 4). In addition to the differences in the abilities of Mx1 and

FIG 4 Interferon mediates a block to influenza virus replication at, or before,
primary transcription of the negative-strand RNA genome to mRNA. A549
cells were infected with A/Memphis/7/01 and incubated at 37°C or 41°C or
treated with IFN-� and incubated at 37°C (37°C 
 IFN-�). (A to C) ssRT-PCR
was used to determine the levels of NP negative-stranded viral genome
(gRNA) copies/cell (A), positive-stranded complementary genome (cRNA)
copies/cell (B), and positive-stranded mRNA copies/cell (C). (D) Ratio of
mRNA/gRNA copies/cell. (E) Area under the curve of mRNA/gRNA ratios. (F)
Number of cells in the influenza virus-infected cultures. Total pg of RNA/
culture was converted to cell number based on the assumption that there are 10
pg RNA/cell. The ANOVA P value is indicated, and the results of Tukey’s post
hoc pairwise comparisons are shown only if differences were significant. All
data points represent the average of two experiments run in triplicate (mean 	
standard error).
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MxA to control influenza virus replication in mouse and human
cells, the source of virus also likely affects its susceptibility to MxA.
Passaging influenza viruses in laboratory mice that lack a func-
tional Mx gene selects for viruses that are acutely sensitive to MxA
expression in mouse cells (32, 37). In contrast, human influenza
virus isolates are selected for the ability to replicate, at least to
some extent, in the presence of MxA. Thus, MxA may work in very
different ways to suppress replication of a mouse-adapted influ-
enza A virus in mouse cells or a minimally passaged human influ-
enza virus in human cells.

We also found that the intracellular distribution of MxA in
IFN-�-stimulated primate cells was altered by influenza virus in-
fection, with NP and MxA colocalizing to the cytoplasm and MxA
aggregating in yet-to-be-defined perinuclear structures. There
was no evidence that MxA translocated to the nucleus of influenza
A virus-infected primate cells. Thus, while Mx1 suppresses influ-
enza virus replication in the nucleus of mouse cells (20–22), it
seems that MxA blocks influenza virus replication in the cyto-
plasm of primate cells.

We previously showed that IFN-� can control human influenza
virus replication in the respiratory tract of primates (11, 23), and the
results reported here show that MxA is the specific ISG that inhibits
influenza virus replication in primate cells. We also found that MxA
blocks human seasonal influenza virus replication at a step prior to,

or at, primary transcription of the RNA genome to mRNA. In addi-
tion to expanding and clarifying the critical role of the primate innate
immune response in effective influenza virus immunity, the data re-
ported here suggest novel therapeutic approaches to treating influ-
enza virus infections of humans.
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