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Whether chicken Mx inhibits influenza virus replication is an important question with regard to strategies
aimed at enhancing influenza resistance in domestic flocks. The Asn631 polymorphism of the chicken Mx
protein found in the Shamo (SHK) chicken line was previously reported to be crucial for the antiviral activity
of this highly polymorphic chicken gene. Our aims were to determine whether cells from commercial chicken
lines containing Asn631 alleles were resistant to influenza virus infection and to investigate the effects that
other polymorphisms might have on Mx function. Unexpectedly, we found that the Asn631 genotype had no
impact on multicycle replication of influenza virus (A/WSN/33 [HIN1]) in primary chicken embryo fibroblast
lines. Furthermore, expression of the Shamo (SHK) chicken Mx protein in transfected 293T cells did not
inhibit viral gene expression (A/PR/8/34 [HIN1], A/Duck/England/62 [H4N6], and A/Duck/Singapore/97
[H5N3]). Lastly, in minireplicon systems (A/PR/8/34 and A/Turkey/England/50-92/91 [H5N1]), which were
highly sensitive to inhibition by the murine Mx1 and human MxA proteins, respectively, Shamo chicken Mx
also proved ineffective in the context of avian as well as mammalian cell backgrounds. Our findings demon-
strate that Asn631 chicken Mx alleles do not inhibit influenza virus replication of the five strains tested here
and efforts to increase the frequency of Asn631 alleles in commercial chicken populations are not warranted.
Nevertheless, chicken Mx variants with anti-influenza activity might still exist. The flow cytometry and
minireplicon assays described herein could be used as efficient functional screens to identify such active

chicken Mx alleles.

Mx proteins are interferon (IFN)-induced dynamin-like
GTPases found in all vertebrate species examined so far, and
they exhibit a range of antiviral capabilities (10). The Mxl
protein of the inbred A2G strain of mice confers resistance to
doses of influenza virus that are lethal to other strains (20).
A2G mice are homozygous for an intact Mx1 gene, while the
majority of other laboratory strains carry defective alleles ow-
ing to a deletion or point mutation in the gene (36). The
murine Mx1 protein is critical for effective innate immune
defense against influenza (1, 37) and, strikingly, type I IFNs
afford no protection in Mx1~/~ mice (9). While murine Mx1
has specific activity against orthomyxoviruses, the human MxA
protein has a broad antiviral spectrum against many families of
RNA viruses, including Orthomyxoviridae, Rhabdoviridae, and
Bunyaviridae (10). Murine Mx1 and human MxA mediate their
anti-influenza effects via apparently different mechanisms. Mx1
is nuclear and inhibits primary transcription of the virus ge-
nome (17), while the cytoplasmic human MxA protein affects
an ill-defined posttranscriptional step (29) probably via an in-
teraction with NP (41). For other Mx proteins, such as the
human MxB protein (30), rat Mx3 protein (24), and duck Mx
(3), no antiviral activity has been detected. Lack of antiviral
activity does not imply lack of function, as there is evidence
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that MxB may be involved in regulating nucleocytoplasmic
trafficking and cell cycle progression (13).

The chicken Mx protein was originally found to lack antiviral
activity (5), but more recently Ko et al. have reported the
existence of antivirally active alleles in some breeds of chicken
(14). Constitutive expression of the Mx allele in 3T3 cell lines
from a Japanese Shamo (SHK) line of chickens resulted in a
10- to 100-fold reduction in influenza virus titers (14). Certain
chicken Mx proteins have also been shown to inhibit replica-
tion of vesicular stomatitis virus (VSV) (14), and artificial
mutation has demonstrated that the amino acid at position 631
of the chicken Mx protein is a crucial determinant of anti-VSV
activity (Asn631 is active and Ser631 is inactive against VSV)
(15). SHK Mx also has an Asn residue at position 631, and it
has been inferred that this polymorphism is important for
anti-influenza activity. The discovery that certain chicken Mx
alleles could suppress influenza virus replication has led to
considerable interest in the Asn631 allele frequency in com-
mercial flocks and the prospect for breeding this allele back
into the general chicken population (2, 19, 21, 35). However,
the heterogeneity of the chicken Mx gene and the potential for
other polymorphisms to influence its effectiveness means that
it would be prudent to determine the inhibitory potential of a
wide range of alleles.

The purpose of this study was to validate cell culture assays
that could be used to identify Mx alleles from commercial lines
of chickens with activity against influenza virus and to deter-
mine the functional contributions of polymorphisms in addi-
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TABLE 1. Amino acid polymorphisms in the Mx proteins from the CEF lines used in this study”
Amino acid in Mx protein at position:
Line

5 21 41 42 85 94 185 199 202 232 308 339 548 583 631
Al R R P L L R K G S G \4 T A T S
A2 R Q P L L R K G T G 1 A A T S
8.1 R R P L L R K G S G \4 T A% T S
B1 R R P L L R K G S G v T A T N
C1 R R P L L R K G S R \4 T A% T N
D1 R Q R S L R K G S G \% T v T N
DF-1 R Q R S L R K G S G \4 T \4 T N
SHK" R Q R S L R K S T G v T A% T N
WLR* w Q R S L Q K G S G I A A A S
Anti-VSV WLK-2  WLK-2  WLK-2 WLK-2  WLK-2 HN  HN

active line”

“The amino acid residues at the 15 reported polymorphic sites of the chicken Mx protein are given for the CEF and DF-1 cell lines, with reference to those of the
Shamo (SHK) and White Leghorn (WLR) lines. Bold type indicates where the amino acid is the same as that found in SHK. The bottom row shows breed identifiers,
as given in reference 14, for Mx alleles that differ from the SHK amino acid at the positions shown but which are active against VSV. (The allele WLK-2 is from a strain

of White Leghorn, and the HN allele is from the Hinaidori breed.)
’ Data from reference 14.
¢ Accession number Z23168.

tion to that at position 631. Contrary to expectations, we found
that chicken embryo fibroblasts (CEFs) with endogenous
Ser631 or Asn631 Mx proteins were equally permissive to
multicycle influenza virus replication. Transfected cells ex-
pressing SHK Mx sustained equivalent levels of influenza gene
expression compared to cells transfected with a Ser631 allele
or empty vector plasmid. Moreover, minireplicon systems in
mammalian and avian cells were not inhibited by SHK Mx but
were highly sensitive to murine Mx1 and human MxA, respec-
tively. Our findings are in contrast to a previous report and
indicate that the Shamo (SHK) chicken Mx protein (Asn631
allele) does not suppress influenza virus replication.

MATERIALS AND METHODS

Cells. CEFs from five commercial pedigree chicken lines designated 8 (embryo
8.1), A (embryos Al and A2), B (embryo B1), C (embryo C1), and D (embryo
D1) were prepared from day 10 embryos (34). DF-1 (CRL-12203), MDCK
(CCL-34), and 293T (CRL-11268) cells were obtained from the ATCC Cell
Biology Collection and were grown according to ATCC guidelines.

Viruses. Influenza A virus infections were performed with egg-grown stocks of
the A/PR/8/34 (Cambridge) (2 X 10% PFU/ml), A/WSN/33 (4 X 107 PFU/ml),
A/Duck/England/62 (H4N6) (2 X 10° PFU/ml), and A/Duck/Singapore/97
(H5N3) (3 X 107 PFU/ml) strains, which were kindly provided by Paul Digard
(Cambridge) and Wendy Barclay (Imperial College London).

Plasmids. Plasmids pcDNA-PBI, -PB2, -PA, -NP, and -NS1 (6, 26), expressing
the indicated proteins of A/PR/8/34 (HIN1), and pPOLI-CAT-RT (32) were
kindly provided by Paul Digard. Plasmids Poll/II 50-92-PB1, -PB2, -PA, and -NP
express proteins from A/Turkey/England/50-92/91 (H5N1) and were generously
provided by Wendy Barclay (Imperial College London) (11). A plasmid express-
ing an influenza virus-based luciferase minireplicon RNA under the control of
the human RNA polymerase I (Poll) promoter was constructed by exchanging
the CAT gene of pPOLI-CAT-RT with a PCR-amplified luciferase gene. A
plasmid of the same design but containing a chicken Poll promoter to drive an
influenza-like luciferase minireplicon was also constructed. The chicken Poll
promoter was PCR amplified from DF-1 genomic DNA using the primer
‘chPolIF’ (5" TTT TCT CGA GGT GCT ACC GAC TCG CGC TC 3') and a
reverse primer ‘chPolISVR’ (5" ATG AAT TCA AGC TTA TTT AAT GAT
AAA AAA CAC CCT TGT TTC TAC TAC AGA CGA ACA TAT AAG GCA
TCC G 3’). This PCR product, corresponding to the chPoll promoter with the
conserved 5’ terminal sequence of segment 8 of A/PR/8/34 (underlined) posi-
tioned at the Poll transcription start site, was cut with Xhol and HindIII (sites in
bold in the primer sequences) and ligated into pBluescript SK (Stratagene). The
sequence for the 3’ noncoding region followed immediately by the hepatitis delta
virus genomic ribozyme sequence was then amplified from pPOLI-CAT-RT and

ligated into the EcoRI and BamHI sites of this construct. Finally the firefly
luciferase gene, amplified by PCR, was inserted in between the HindIII and
EcoRI sites so that it was flanked by the 5’ and 3’ noncoding regions in the
resulting vector pChLuc. Expression constructs for wild-type and mutant murine
Mx1 and human MxA proteins [pcDNA3-mMx1(wt), pcDNA3-mMx1(K49A),
pcDNA3-HA-MxA(wt), and pcDNA3-HA-MxA(T103A)] have been described
previously (38, 39). MxA T103A (33) and Mx1 K49A (31) have single amino acid
substitutions in their GTP binding domains that abolish GTPase and antiviral
activity.

IFN treatment of CEFs. The chicken IFN-a gene was amplified by PCR using
the primers ‘cIFNF’ (5" CAC AAC ACC GGT CCC ACC ATG GCT GTG CC
3’) and ‘cIFNR’ (5" GCG TTT AGA TCT AAG TGC GCG TGT TGC CTG 3')
and a cDNA template derived from CEF mRNA. This PCR product was cloned
using the Agel and BglII restriction sites (shown in bold in the primer sequences)
into the vector pEGFP-CI. The resulting construct was transfected into 293T
cells. The supernatant from these cells was shown to be an effective inducer of
chicken Mx transcription in CEFs by quantitative PCR (data not shown). There-
after, this IFN-containing supernatant was added to CEF cultures at a concen-
tration of 1:100 at 24 h prior to RNA extraction.

Cloning the chicken Mx gene. The Mx genes from the various CEF lines were
amplified by reverse transcriptase (RT)-PCR using SuperScript II RT (Invitro-
gen), oligo(dT) 5.5, Pfx polymerase (Invitrogen), and primers ‘AvMxNewF” (5’
TAG AAC AAA CCG GTA GAA CAG CAG AACATG AAC AAT CC3') and
‘AvMxNewR’ (5" AGA TGA CTC GAG CTA CAG AGA CTT AAA GTCTAC
CAG 3').

The PCR-amplified Mx genes were cloned using external flanking Agel and
Xhol restriction sites (shown in bold in the above primers) into the plasmid
pcDNA3GFP. This vector was derived from pcDNA3 (Invitrogen) by replacing
the 501-bp Ndel-Xhol fragment (corresponding to the 3’ promoter and 5’ un-
translated region of the vector) with the equivalent 1,109-bp fragment containing
the green fluorescent protein (GFP) gene from the vector pEGFP-C1 (Clon-
tech). Insertion of the Mx PCR products between the Agel and Xhol sites of
pcDNA3GFP substitutes the Mx cDNA in place of the GFP coding region to give
the plasmid pchMx*, where the asterisk indicates the source of the cDNA
sequence.

Mutagenesis to derive the Shamo (SHK) Mx allele. DF-1 and Shamo (SHK)
Mx sequences differ by only two nonsynonymous nucleotide changes (Table 1).
Oligonucleotide primers ‘AvMxSHKMutF’ (5" GCC CAA GAT ATA GTG
GCT GGT ACC AAT AGT AGC ATT ACT GGA GAA CTA ATT TCC CTT
G 3') and ‘AvMxSHKMutR’ (5" CAA GGG AAA TTA GTT CTC CAG TAA
TGC TAC TAT TGG TAC CAG CCA CTA TAT CTT GGG C 3') were
designed to allow the mutagenesis of the DF-1 sequence to the Shamo (SHK)
sequence. Two silent mutations to introduce a Kpnl site (in bold type) facilitated
screening (mutations are underlined). The pchMxDF-1 template was amplified
and mutagenized in two sections via two separate PCRs, one using AvMxNewF/
AvMxSHKMutR and the other using AVMxSHKMutF/AvMxNewR. PCR-medi-
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ated ligation of these two initial PCR products was followed by cloning to
produce pchMxSHK.

Virus yield assay. Second-passage CEFs were infected with A/WSN/33 at a
multiplicity of infection (MOI) of 0.01. At the indicated times postinfection,
supernatants were harvested and the virus yields titered on MDCK cells by
plaque assay (23).

Luciferase minireplicon reporter assays. 293T or DF-1 cells were transfected
using Fugene 6 reagent (Roche) in 24-well plates. Each well received 25 ng of
each of the plasmids expressing the viral PB1, PB2, PA, and NP proteins, 100 ng
of the luciferase reporter plasmid, 50 ng of a plasmid expressing secreted alkaline
phosphatase (SEAP) (4), and 250 ng of an Mx-bearing plasmid or pcDNA3
control plasmid, unless otherwise stated. Forty-eight hours posttransfection, lu-
ciferase expression was assayed using a Bright-Glo luciferase assay system (Pro-
mega). SEAP activity was determined using the colorimetric assay described
previously (4). Luciferase activity was normalized to the SEAP activity for each
well to account for minor differences in transfection efficiency.

Detection of viral antigen in Mx-transfected 293T cells using flow cytometry.
293T cells were transfected with a DNA mix consisting of 1.5 pg of Mx-express-
ing plasmid (or pcDNA3) and 0.5 pg of pPEGFP-CI. At 48 h posttransfection, the
cells were infected with either A/PR8/34 (MOI of 10), A/Duck/England/62 (MOI
of 1), or A/Duck/Singapore/97 (MOI of 0.5) for 1 h. Fourteen hours postinfec-
tion, the cells were trypsinized, fixed for 10 min using 2% formaldehyde in
phosphate-buffered saline (PBS), permeabilized for 10 min using 0.2% Triton
X-100 with 10% goat serum in PBS, and then blocked for 15 min using 10% goat
serum in PBS. The cells were incubated at room temperature for 1 h with a 1:200
dilution (in 0.02% Triton X-100 and 2% goat serum in PBS) of rabbit polyclonal
antisera to fowl plague virus (Rostock) viral ribonucleoprotein (VRNP) (22),
kindly provided by Paul Digard (University of Cambridge). The cells were then
washed three times in PBA (PBS, 0.1% bovine serum albumin, 0.01% sodium
azide) before incubation with a 1:20 dilution of anti-rabbit R-phycoerythrin
(PE)-conjugated antibody (Sigma P-9537) on ice for 30 min in the dark. Finally,
the cells were washed an additional three times in PBA before detection of their
fluorescence using a Becton Dickinson FACSCalibur. For each sample, 20,000
(A/PR/8/34) or 10,000 (A/Duck/England/62 and A/Duck/Singapore/97) GFP-
positive cells were analyzed for their PE fluorescence using the FL2-H channel.
Cell Quest 3.3 software was used to analyze the data.

Statistics. Data were analyzed for statistical significance using a two-tailed
Student’s ¢ test assuming populations of unequal variance and a conservative
threshold for significance (P < 0.01). Data sets were compared to the pcDNA3
controls where appropriate. The number of independent data sets for each
experiment is indicated in the figure legends.

RESULTS

Sequencing of Mx cDNA from a panel of chicken lines.
Primary CEF cultures were prepared from chick embryos from
a selection of chicken lines. The primary CEF and DF-1 cells
were treated with recombinant chicken IFN-« for 24 h prior to
RT-PCR and sequencing of their Mx mRNAs. Sequence com-
parisons identified 12 amino acid polymorphisms relative to
the reference sequence of the White Leghorn strain (WLR)
(GenBank accession number Z23168) (Table 1). All of the
observed polymorphisms have been reported previously (2,
14). Bold type in Table 1 indicates where the amino acid at that
position is the same as that found for the Shamo (SHK) allele
that represents the only chicken Mx allele for which anti-
influenza activity has been demonstrated (14). Standard type
therefore highlights where the sequence differs and could po-
tentially affect Mx activity. Some of these differences have been
observed in chicken Mx genes present in other breeds that
have been shown to be active against VSV (14). Where this is
the case, the bottom row of the table contains the identifier for
the breeds of chicken reported to carry that polymorphism.

The Mx amino acid sequence of line D1 was identical to that
of DF-1 cells, both of which carry the Asn631 allele and are the
most closely related to the Shamo (SHK) line (differing only at
amino acids 199 and 202). Two of the CEF lines, designated
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FIG. 1. Multicycle influenza virus (A/WSN/33) replication in CEF
lines. CEFs were infected with A/WSN/33 (MOI of 0.01). Supernatants
were harvested at the times indicated, and the virus yields were titered
on MDCK cells. The means (and standard deviations) of three inde-
pendent experiments are shown. The amino acids at position 631 of the
Mx alleles of the different lines are indicated. *, titer for C1 signifi-
cantly different from Al, B1, or A2 (P < 0.01).
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Al and B1, were found to have Mx amino acid sequences
identical to each other except for the amino acid at position
631. Where these Mx alleles differed from the SHK allele (i.e.,
at positions 199 and 202 for D1 and additionally at positions
21, 41, 42, and 548 for Al and B1), the same changes had been
observed in chicken Mx alleles shown to be active against VSV.

The CEF lines were maintained in parallel with identical
passage histories, and second-passage cells were used for the
subsequent virus replication experiments.

Growth of influenza A/WSN/33 in CEF cells with Asn631 or
Ser631 alleles of Mx. The permissiveness of the different CEF
lines to replication of the laboratory strain of influenza
A/WSN/33 was determined by multicycle yield assays. The
yields of virus (and the rates of virus replication) were deter-
mined by a subsequent plaque assay on MDCK cells (Fig. 1).
For lines Al and B1, which differ only at amino acid 631 of the
chicken Mx coding region, viral titers were determined at 0, 16,
24, and 48 h postinfection. Titers increased logarithmically
over the course of the assay. There was no significant differ-
ence in virus replication in primary CEF cells carrying the
Ser631 allele of chicken Mx (line A1) compared to replication
in cells carrying the Asn631 allele (line B1). In fact, the titers
for line B1 were consistently higher over the course of the
assay. Virus replication was also determined in lines A2
(Ser631) and C1 and D1 (both Asn631). The 48-h titer for line
C1 was significantly greater than those for lines Al, B1, or A2
(P < 0.01). Thus, the presence of the Asn631 allele of chicken
Mx did not inhibit the multicycle replication of influenza
A/WSN/33 in primary CEF cells. For cell lines carrying either
the Ser631 or Asn631 Mx alleles, IFN pretreatment of the
CEFs with recombinant chicken IFN-a completely suppressed
multicycle viral replication (titers were reduced by >5 log
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units), such that it was not possible to determine the growth
kinetics of the virus under these conditions (data not shown).
These results demonstrate that the Asn631 allele is neither
necessary nor sufficient to confer protection to CEFs against
infection with influenza A/WSN/33.

Replication of influenza strains A/PR/8/34, A/Duck/En-
gland/62, and A/Duck/Singapore/97 is not inhibited in 293T
cells expressing chicken Mx. The activity of the Mx genes in
the cultured CEFs could have been confounded for two rea-
sons: (i) none of the genes were identical to the Shamo (SHK)
sequence, and so they could potentially have been inactive due
to the combined effect of the other polymorphisms; and (ii)
expression of the Mx genes is dependent on IFN induction and
could have been prevented by the IFN-suppressive activity of
the virus. In order to uncouple the effect of chicken Mx from
its regulatory dependence on IFN and to isolate it from the
influence of other IFN-responsive genes, the Mx genes were
placed under the control of the CMV-IE promoter in the
plasmid pcDNA3. The Mx gene from DF-1 cells was cloned
and altered by site-specific mutagenesis to convert it to the
identical amino acid sequence found in the SHK line. This
represented the putative functional chicken Mx gene (SHK). A
Ser631 allele was cloned from line 8.1 (Table 1) as a presumed
nonfunctional chicken Mx gene.

A flow cytometry-based assay was used to determine the
effect of chicken Mx on viral gene expression for three different
influenza virus strains. 293T cells were cotransfected with the
pcDNA3-based Mx expression plasmids and a plasmid carrying
the GFP (pEGFP-C1) in a ratio of 3:1. Preliminary experi-
ments showed that when these plasmid ratios were used, over
95% of GFP-positive cells expressed the cotransfected plas-
mid. Forty-eight hours posttransfection, the cells were infected
with either A/PR/8/34 (HIN1), A/Duck/England/62 (H4N6),
or A/Duck/Singapore/97 (HSN3) at a multiplicity that achieved
approximately 60% infection, as determined by FACS analysis
using anti-influenza RNP-specific antibody and PE-conjugated
secondary antibody. Cells were gated for green fluorescence to
isolate the transfected from the nontransfected populations
and then analyzed for PE fluorescence in the FL2-H channel
(Fig. 2).

Transfected, uninfected cells showed low-level background
fluorescence in the FL2-H channel (Fig. 2A, panel a). Infected
cells transfected with the pcDNA3 control plasmid showed two
distinct peaks corresponding to the uninfected and infected
populations (Fig. 2A, panel e). Substituting the various Mx
plasmids for the pcDNA3 plasmid allowed the effect of the Mx
genes on viral gene expression to be determined. This is shown
in the representative histograms in Fig. 2A and for replicate
experiments for each of the three viruses in Fig. 2B. In cells
transfected with murine Mx1, there was an approximately
threefold reduction (P < 0.01) in the proportion of antigen-
positive cells relative to cells transfected with pcDNA3 for all
three virus strains tested. For human MxA, there was a reduc-
tion of similar magnitude in the proportion of antigen-positive
cells for both of the avian strains A/Duck/England/62 and
A/Duck/Singapore/97 and a less-pronounced but nevertheless
significant (P = 0.002) reduction for A/PR/8/34. As expected,
these effects were abrogated by the K49A and T103A muta-
tions, respectively. However, transfection of cells with the SHK
or 8.1 chicken Mx expression plasmids did not affect the pro-
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FIG. 2. Flow cytometric detection of influenza vVRNPs in trans-
fected 293T cells. 293T cells were cotransfected with Mx-expressing
plasmids (or pcDNA3) (1.5 pg) and pEGFP-C1 (0.5 pg) and infected
after 48 h with A/PR/8/34, A/Duck/England/62, or A/Duck/Singapore/
97. Fourteen hours postinfection, the cells were stained for VRNP and
analyzed by flow cytometry. Panel A shows the level of A/PR/8/34
antigen in GFP-positive cells that had been cotransfected with the
indicated plasmids. Panel “a” shows the background staining detected
in uninfected, pcDNA3- transfected cells and was used to set the flu-
orescence threshold marker (M1), which demarcates between antigen-
positive and -negative cells. In panel B, the data are derived from
independent experiments (A/PR/8/34, n = 5; A/Duck/England/62, n =
3; A/Duck/Singapore/97, n = 3) and the bar heights represent the
percentages of antigen-positive cells expressed relative to that for the
pcDNA3 control group for each virus. The means (and standard de-
viations) are shown for either GFP-positive or GFP-negative cell pop-
ulations from wells that had been transfected with the constructs as
shown. *, P of <0.01 relative to GFP-positive pcDNA3-transfected
cells.
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portion of antigen-positive cells compared to transfection with
empty vector for infections with either A/PR/8/34, A/Duck/
England/62, or A/Duck/Singapore/97.

In the nonproductively transfected subpopulations, i.e.,
GFP-negative cells, the antigen staining was either equivalent
(A/PR/8/34 and A/Duck/England/62) or enhanced (A/Duck/
Singapore/97) (P < 0.01) relative to the pcDNA3-transfected
controls (Fig. 2B). This confirmed that the inhibition of viral
replication demonstrated in this assay for murine Mx1 and
human MxA was specific to the cells that had expressed these
plasmids.

Activity of chicken Mx in influenza minireplicon reporter
assays. Orthomyxovirus minireplicon assays measure the tran-
scriptional activity of the viral polymerase and are capable of
sensitive detection of the antiviral activity of Mx genes (7, 12,
41, 42). In these assays, cells are transfected with plasmids that
express the polymerase/NP replication complex proteins (3P/
NP) and a minigenome reporter plasmid that produces a neg-
ative-sense luciferase gene bounded by the viral promoter se-
quences. Transcription and replication of this reporter RNA
by the viral polymerase result in the synthesis of a viral mRNA-
like transcript that is translated to produce the luciferase en-
zyme. Cotransfection of the Mx expression plasmids allows the
effect of the Mx genes on this process to be determined.

We determined the activity of chicken Mx in minireplicon
systems based on A/PR/8/34 (HIN1) and A/Turkey/England/
50-92/91 (H5N1) (Fig. 3). The A/Turkey/England/50-92/91 as-
says were performed in the CEF cell line DF-1 in order to
provide chicken host cell factors which might be required for
the function of chicken Mx. DF-1 cells are IFN competent, and
IFN is induced in CEFs by transfection of plasmid DNA (28).
For the DF-1 minireplicon transfections, we therefore cotrans-
fected a plasmid that expressed the A/PR/8/34 NS1 gene,
which has been shown to effectively inhibit induction of IFN in
CEFs. Omission of the NS1 plasmid from the transfection mix
caused a significant decrease in luciferase levels, consistent
with partial suppression of the system by the induction of IFN
(Fig. 3B).

In both the A/PR/8/34 and A/Turkey/England/50-92/91 sys-
tems, omission of the nucleoprotein-expressing plasmid caused
a profound reduction in luciferase, showing that the luciferase
expression was contingent on the presence of a functional viral
replication complex. For both minireplicon systems, murine
Mx1 and human MxA caused significant inhibition. Transfec-
tion of murine Mx1 expression plasmid reduced the level of
luciferase activity by over 95% in the A/PR/8/34 minireplicon,
while only a modest (<2-fold) inhibition was achieved in the
A/Turkey/England/50-92/91 assay. In contrast, human MxA
caused greater inhibition in the A/Turkey/England/50-92/91
system. Luciferase levels were restored by the Mx1 K49A and
MxA T103A mutants, except where some residual inhibition
was apparent for the T103A mutant in the A/PR/8/34 system.
This might be related to the finding that human MxA promotes
apoptosis in A/PR/8/34-infected cells (25), a property which is
not dependent on GTP binding or hydrolysis (27) and would
therefore be expected to be retained in MxA T103A.

We found that the chicken SHK or 8.1 Mx expression plas-
mids did not significantly affect luciferase activity, neither for
A/PR/8/34 minireplicon systems nor for A/Turkey/England/50-
92/91 systems, even when these were carried out in DF-1 cells
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FIG. 3. Activity of chicken Mx proteins in influenza virus minirep-
licon systems. (A) Effect of chicken Mx on an A/PR/8/34 minireplicon
system. 293T cells were cotransfected with plasmids encoding A/PR/
8/34 PB1, PB2, PA, and NP, a huPoll Luc minigenome plasmid, and a
SEAP-expressing plasmid, together with pcDNA3 or a plasmid ex-
pressing the indicated Mx protein (chicken Mx proteins SHK [Asn631]
and 8.1 [Ser631], murine Mx1 and its mutant Mx1 K49A, and human
MxA and its mutant MxA T103A). The ratio of pcDNA3/Mx plasmid
to each of the 3P/NP plasmids was 10:1. Forty-eight hours posttrans-
fection, luciferase activity was measured and is shown as SEAP-nor-
malized relative light units (rlu). The means (and standard deviations)
of three independent experiments are shown. *, P of <0.01 relative to
pcDNA3. (B) Effect of chicken Mx on the Turkey/England/50-92/91
minireplicon system in chicken DF-1 cells. DF-1 cells were transfected
with plasmids encoding A/Turkey/England/50-92/91 PB1, PB2, PA,
and NP (25 ng each), A/PR/8/34 NS1 (125 ng), a chicken Poll Luc
minigenome plasmid (100 ng), and a SEAP-expressing plasmid (50 ng)
together with pcDNA3 or a plasmid expressing the indicated Mx pro-
tein (125 ng). The ratio of pcDNA3/Mx plasmid to each of the 3P/NP
plasmids was 5:1. Forty-eight hours posttransfection, luciferase activity
was measured and is shown as relative light units (rlu). The means (and
standard deviations) of six independent experiments are shown. *, P of
<0.01 relative to pcDNA3.

(Fig. 3 and data not shown). Western blotting confirmed that
the failure of SHK Mx to inhibit the minireplicon systems was
not due to poor expression (data not shown).

DISCUSSION

The serious implications of the ongoing H5N1 avian influ-
enza epizootic have raised the issue of whether it might be
possible to generate influenza-resistant chickens either by se-
lective breeding or genetic modification approaches. This
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would reduce the threat of avian influenza to the poultry in-
dustry and reduce the potential for chickens to act as bridging
hosts for the emergence of new pandemic strains of influenza.
One focus for selective breeding approaches has been the
Asn631 polymorphism of the chicken Mx protein, which was
reported by Ko et al. to confer antiviral activity on the Mx
protein (14).

There have hitherto been no reports analyzing the suscep-
tibilities of cells derived from any breed of chicken carrying the
Asn631 polymorphism. To this end, we initially tested the
permissiveness of CEF cell lines derived from three commer-
cial breeds of chicken that were homozygous for the Asn631
polymorphism and compared them with two lines that were
homozygous for Ser631. No evidence for resistance to infection
by influenza virus A/WSN/33 was observed. IFN treatment of
Asn631 or Ser631 allele cell lines completely prevented virus
replication (data not shown), indicating that the Asn631 allele
is not necessary to establish a potent antiviral state in response
to IFN. This is to be expected given the presence of other
potentially active IFN-responsive antiviral genes, such as pro-
tein kinase R and the 2'-5' oligoadenylate synthetase/RNase L
system, but it is in contrast to the curiously overriding impor-
tance of murine Mx1 in mouse cells (9, 16, 40). Our conclusion
was that either the Mx alleles of these cell lines were inactive
due to the other polymorphisms in the gene, that they were
ineffective due to the virus’s ability to suppress IFN-responsive
gene expression, or that A/WSN/33 was not susceptible to
chicken Mx for some other reason. To both uncouple Mx
expression from its dependence on IFN and develop an effi-
cient assay for determining the functionality of different
chicken Mx alleles, we used a transfection/infection FACS
assay for viral gene expression and several variants of the
widely used minireplicon assay for orthomyxovirus replication
and transcription. Although we could readily demonstrate an-
tiviral activity for murine Mx1 and human MXxA in these assays,
no inhibition was observed for the prototype functional
chicken Mx allele identical to that of the Shamo (SHK) breed.

One possible explanation for the disparity between our data
and those of Ko et al. (14) is the use of different strains of
influenza virus. Certain strains of influenza virus are markedly
less sensitive to murine Mx1 and human MxA than other
strains, a property that segregates with the NP gene (7). It is
conceivable that the A/Hong Kong/483/97 strain used by Ko et
al. is sensitive to inhibition by chicken Mx, while the five in-
fluenza strains used in this study are resistant.

Here we have found various Asn631 alleles to be inactive
against influenza virus. However, it remains possible that cer-
tain variants of the chicken Mx protein might have anti-influ-
enza activity. In the case of the murine Mx1 gene, many mu-
tations have been identified that disrupt the antiviral
properties of the protein (8). Furthermore, a single amino acid
substitution (E645R) in the human MxA protein (within the
same domain as position 631 of the chicken Mx protein) abol-
ished anti-VSV but not anti-influenza activity, which indicates
that virus-specific effector regions exist (43). In view of these
observations and the high degree of polymorphism found with
the chicken Mx gene (both in coding [19, 35] and in the pro-
moter/5" untranslated region [18]), there may be value in large-
scale screening of naturally occurring chicken Mx alleles for
anti-influenza activity. We envisage that the minireplicon as-
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says employed in this study could prove particularly efficient
for this purpose.

Interestingly, mammalian strains of influenza virus are in
general less sensitive than avian strains to the mammalian Mx
proteins Mx1 and MxA (7). It was postulated that mammalian
strains might be adapted to the Mx proteins of their mamma-
lian hosts, while avian strains have not undergone this selection
and thus have not adapted to counter the effects of mammalian
Mx. If, as our evidence suggests, chicken Mx is indeed inactive
against both mammalian and avian influenza virus strains, then
this might reflect the long period of adaptation in the avian
host, from which all influenza virus strains ultimately origi-
nated. Whether some chicken Mx genes exhibit activity against
other avian viral pathogens, e.g., Newcastle disease and infec-
tious bursal disease viruses, remains to be investigated.

In summary, in three assay systems for influenza virus replica-
tion, of at least equal validity to the previously used 3T3 cell line
approach, the Asn631 allele of chicken Mx proved ineffective. It
is important to resolve the disparity between our results and those
of Ko et al. (14) and to determine whether any anti-influenza
virus Mx variants exist that could form the basis of selective
breeding programs. Transient and constitutive transfection assays
can assist in this quest, but ultimately only challenge studies on
birds carrying these identified alleles will definitively demonstrate
the antiviral role of Mx in chickens.
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