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ABSTRACT To cross the human species barrier, influenza A viruses (IAV) of avian
origin have to overcome the interferon-induced host restriction factor MxA by ac-
quiring distinct mutations in their nucleoprotein (NP). We recently demonstrated
that North American classical swine IAV are able to partially escape MxA restriction.
Here we investigated whether the Eurasian avian-like swine IAV lineage currently cir-
culating in European swine would likewise evade restriction by human MxA. We
found that the NP of the influenza virus isolate A/Swine/Belzig/2/2001 (Belzig-NP)
exhibits increased MxA escape, similar in extent to that with human IAV NPs. Muta-
tional analysis revealed that the MxA escape mutations in Belzig-NP differ from the
known MxA resistance cluster of the North American classical swine lineage and
human-derived IAV NPs. A mouse-adapted avian IAV of the H7N7 subtype encoding
Belzig-NP showed significantly greater viral growth in both MxA-expressing cells and
MxA-transgenic mice than control viruses lacking the MxA escape mutations. Simi-
larly, the growth of the recombinant Belzig virus was only marginally affected in
MxA-expressing cells and MxA-transgenic mice, in contrast to that of Belzig mutant
viruses lacking MxA escape mutations in the NP. Phylogenetic analysis of the Eur-
asian avian-like swine IAV revealed that the NP amino acids required for MxA escape
were acquired successively and were maintained after their introduction. Our results
suggest that the circulation of IAV in the swine population can result in the selec-
tion of NP variants with a high degree of MxA resistance, thereby increasing the
zoonotic potential of these viruses.

IMPORTANCE The human MxA protein efficiently blocks the replication of IAV from
nonhuman species. In rare cases, however, these IAV overcome the species barrier
and become pandemic. All known pandemic viruses have acquired and maintained
MxA escape mutations in the viral NP and thus are not efficiently controlled by MxA.
Intriguingly, partial MxA resistance can also be acquired in other hosts that express
antivirally active Mx proteins, such as swine. To perform a risk assessment of IAV cir-
culating in the European swine population, we analyzed the degree of MxA resis-
tance of Eurasian avian-like swine IAV. Our data demonstrate that these viruses carry
formerly undescribed Mx resistance mutations in the NP that mediate efficient es-
cape from human MxA. We conclude that Eurasian avian-like swine IAV possess sub-
stantial zoonotic potential.
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Influenza A viruses (IAV) are significant human pathogens, all originating from their
natural reservoir, wild aquatic waterfowl (1, 2). Human infection by avian IAV occurs

sporadically but is usually restricted to individuals. In rare cases, however, avian IAV
obtain sufficient adaptive mutations to facilitate sustained human-infection chains,
incidents that can result in devastating pandemics (1).

Swine seem to play a particularly important role in the emergence of pandemic
viruses. This is in part due to their high susceptibility to avian as well as human IAV,
which can result in coinfection with IAV from both origins and exchange of whole gene
segments, termed gene “reassortment” (3). Reassortment in swine has occurred at a
highly elevated frequency since the late 1990s (4, 5), and the 2009 pandemic “swine flu”
virus (pH1N1) represents a complex reassortant virus, comprising gene segments from
human seasonal IAV as well as genes from the North American avian IAV, the North
American classical swine IAV, and the Eurasian avian-like swine IAV lineage.

The interferon-induced and antivirally active MxA GTPase found in humans is
believed to represent a major barrier to the establishment of a new lineage in the
human population by avian IAV (6–9). As a consequence, all human-adapted IAV,
including the pandemic 1918 and pH1N1 viruses, as well as all their descendants,
encode adaptive mutations in their nucleoproteins (NPs) that enable them to escape
MxA restriction, whereas avian IAV lack such amino acids (8). The acquisition of MxA
resistance mutations seems, however, to be frequently associated with a loss of viral
fitness and thus to be a difficult process (8, 10). This might explain why a novel NP with
sufficient MxA escape amino acids has been introduced into the human population
only twice in the last 100 years, in 1918 and in 2009. In the case of the pH1N1 virus, we
found strong evidence that the acquisition of the required escape mutations in the NP
was driven by porcine Mx1 (poMx1) during the circulation of the pH1N1 precursor in
pigs (8). This virus of the classical North American swine IAV lineage gradually obtained
sufficient NP mutations to counteract poMx1 and concomitantly to partially resist the
activity of human MxA. The pH1N1 virus acquired this preadapted NP through reas-
sortment and gained additional mutations enabling complete escape from the more
potent human MxA (8).

In Europe, the IAV most frequently isolated from pigs belong to a lineage different
from the North American classical swine IAV lineage, namely, the Eurasian avian-like
swine IAV lineage (4, 11, 12). Here, using polymerase reconstitution assays, we found
that specific amino acids in the NP of the Eurasian avian-like influenza virus strain
A/swine/Belzig/2/2001 (Belzig) allow escape from human MxA comparable in degree to
that with the NP of the pH1N1 virus. This pronounced resistance to MxA was validated
in MxA-overexpressing cells both by using a recombinant Belzig virus and by replacing
the NP of an otherwise MxA-sensitive virus with Belzig-NP. In addition, we could
demonstrate, by use of a transgenic MxA mouse model, that Belzig-NP is able to render
an avian IAV resistant to MxA. Finally, phylogenetic analysis revealed that the critical
MxA escape amino acids have been introduced successively over time and were
maintained in the Eurasian avian-like swine IAV, suggesting positive selection by
poMx1.

RESULTS
Identification of residues in Eurasian avian-like swine NP that are responsible

for MxA escape. We have demonstrated previously that the MxA-sensitive influenza
virus A/Thailand/1(KAN-1)/2004 (H5N1)-based polymerase reconstitution assay can be
readily utilized to identify MxA escape mutations within the nucleoproteins (NPs) of
human-adapted influenza A viruses (IAV) such as the 1918 and 2009 (pH1N1) pandemic
strains (8). Therefore, we employed a similar approach to determine the level of MxA
sensitivity conferred by the NP of the Eurasian avian-like swine isolate A/Swine/Belzig/
2/2001 (Belzig), which differs from H5N1-NP at 18 amino acid positions (Fig. 1A; see also
Fig. S1A in the supplemental material). In our assay, H5N1 polymerase activity is
measured not only in the presence of MxA but also in the presence of the antivirally
inactive variant with a T-to-A change at position 103 (MxA-T103A) in order to account
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for differences in general polymerase activity in the context of different NPs. The
relative activity (ratio of MxA to MxA-T103A) (see also Materials and Methods) indicates
whether an NP is able to resist the antiviral effect of MxA. As expected, the polymerase
activity of H5N1-NP was strongly inhibited by MxA, while the pH1N1-NP from influenza
virus A/Hamburg/4/2009 largely resisted MxA inhibition (Fig. 1B). Intriguingly, however,
Belzig-NP not only partially escaped restriction by MxA but conferred a level of MxA
resistance comparable to that of pH1N1-NP, suggesting that Belzig-NP harbors MxA
escape mutations of high potency.

FIG 1 The nucleoprotein of Eurasian avian-like swine influenza viruses confers MxA resistance in polymerase
reconstitution assays. (A) Amino acid differences between the NPs of H5N1, H7N7 (dark gray), pH1N1 (red), and
Belzig (green) strains (for a complete alignment, see Fig. S1A in the supplemental material). Underlined positions
have been shown previously to influence the MxA sensitivity phenotype. (B) (Top) The ratio of the activity of MxA
to the activity of antivirally inactive MxA-T103A was normalized to that for pH1N1-NP (set at 1) and is shown as
relative activity (shaded bars). (Center) Viral polymerase activity in the presence of MxA (filled bars) or MxA-T103A
(open bars). HEK293T cells were transfected with expression plasmids encoding H5N1-PB2, -PB1, and -PA (10 ng),
the indicated NP (100 ng), MxA (50 ng), and an artificial minigenome encoding firefly luciferase under the control
of the polI promoter (100 ng). Additionally, a plasmid encoding Renilla luciferase (30 ng) was transfected as a
control for transfection efficiency. Error bars indicate the standard errors of the means from at least four
independent experiments. Student’s t test was performed to determine the P value for the difference from the
respective wild-type NP. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (Bottom) Expression levels of MxA and NP were
detected via Western blotting. Actin was used as a loading control. (C) MxA escape mutations previously identified
in pH1N1-NP and the newly identified mutations in Belzig-NP are shown in red and green, respectively, in the
structural model of influenza virus A/HK/483/97 (H5N1) NP (PDB code 2Q06).
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Aiming to identify the Belzig-NP amino acids responsible for increased MxA resis-
tance, we aligned the amino acid sequence of Belzig-NP to that of the MxA-sensitive
H5N1-NP as well as to the H7N7-NP from the MxA-sensitive (9, 10) strain A/Seal/
Massachusetts/1/1980 (H7N7) and to the MxA-resistant NP of the pH1N1 virus (Fig. 1A;
also Fig. S1A in the supplemental material). Carboxy-terminal amino acids beyond
amino acid 357 were excluded, since they had been shown previously not to contribute
to MxA resistance (8). As expected, the amino acid sequence of H7N7-NP shows high
similarity to that of H5N1-NP, while Belzig-NP and, even more, pH1N1-NP show
increased numbers of differences. Surprisingly, however, none of the major pH1N1-NP-
specific MxA escape mutations are found in Belzig-NP. Therefore, by utilizing the
alignment as well as the published IAV NP crystal structure (13) (PDB code 2Q06),
surface-exposed Belzig-NP-specific amino acids in close proximity to the known
pH1N1-NP MxA escape cluster were selected for further analysis (Fig. 1A; also Fig. S1B).

Using site-directed mutagenesis, we constructed expression vectors encoding
Belzig-NP mutant proteins with H5N1-specific residues at the selected amino acid
positions (Fig. 1B). The H5N1 polymerase reconstitution assay revealed that MxA escape
by Belzig-NP relies particularly on amino acids 48Q and 99K, since mutation to the
H5N1-specific residue 48K or 99R led to significantly decreased MxA resistance (Fig. 1B).
Since Belzig-NP amino acid 98K is found directly adjacent to 48Q and 99K in the NP
crystal structure (Fig. 1C; also Fig. S1B in the supplemental material), we combined the
replacements of H5N1-NP-specific amino acids for these positions. While the combi-
nation of two mutations hardly affected MxA resistance relative to that of the single
mutants Belzig-NP-Q48K and Belzig-NP-K99R, the combination of all three mutations
(Q48K, K98R, and K99R) in Belzig-NP reduced MxA resistance to a level comparable to
that of H5N1-NP. Vice versa, mutation of all three H5N1-NP amino acids at positions 48,
98, and 99 to Belzig-NP-specific residues (H5N1-NP-K48Q, R98K, R99K) was required to
render H5N1-NP as MxA resistant as Belzig-NP (Fig. 1B). Finally, we investigated whether
the same three Belzig-NP amino acids would be sufficient to escape restriction by
porcine Mx1 (poMx1). The inhibitory activity of poMx1 had been demonstrated to be
less pronounced than that of MxA (8). Therefore, the polymerase activity of H5N1-NP
was inhibited only moderately in the presence of poMx1 (Fig. S1C). In line with our
results obtained using MxA, H5N1-NP carrying all three Belzig-NP MxA escape muta-
tions (H5N1-NP-K48Q, R98K, R99K) displayed increased poMx1 resistance, comparable
to that of wild type Belzig-NP. All three identified amino acids of Belzig-NP localize to
an area that is adjacent to the MxA escape amino acids of pH1N1-NP (Fig. 1C).

Belzig-NP confers MxA resistance comparable to that of human-adapted vi-
ruses via amino acids 48Q, 98K, and 99K. To evaluate the MxA resistance conferred
by Belzig-NP in a viral context, we generated recombinant viruses. For this purpose, we
used the established MxA-sensitive influenza virus strain A/Seal/Massachusetts/1/1980
(H7N7), which had been used successfully previously to study MxA resistance in cell
culture as well as in MxA-transgenic mice (9, 10). As shown before, MxA resistance-
conferring mutations can reduce viral fitness. Therefore, we first investigated viral
growth in MDCKII cells, which do not express antivirally active Mx proteins (8, 14), by
infecting them at a multiplicity of infection (MOI) of 0.001 and determining viral titers
by use of plaque assays after 12, 24, 36, and 48 h.

As demonstrated before (10), H7N7-NP-3x-G16D, harboring all three MxA escape
mutations (R100V, L283P, and F313Y) of the pandemic 1918 strain as well as the
stabilizing mutation G16D, grew to titers similar to those of the wild-type H7N7 virus
(Fig. 2A). The introduction of Belzig-NP into the H7N7 virus (H7N7-Belzig-NP), however,
resulted in a �1.5-log10 reduction in viral titers at early time points. This loss in viral
fitness could not be overcome by the introduction of the MxA resistance-decreasing
amino acids K98R and K99R (H7N7-Belzig-NP-K98R, K99R) or K98R, K99R, and Q48K
(H7N7-Belzig-NP-Q48K, K98R, K99R). Therefore, the slight attenuation observed in the
context of the H7N7 virus seems to result from factors other than MxA resistance. We
also generated a recombinant wild-type Belzig virus (rBelzig) and recombinant Belzig
viruses with a combination of the mutations K98R and K99R (rBelzig-NP-K98R, K99R) or
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K98R, K99R, and Q48K (rBelzig-NP-Q48K, K98R, K99R). Both the wild-type and mutant
viruses grew efficiently and to similar viral titers (Fig. 2B) except at the last time point,
48 h, when the mutants were delayed by 0.5 to 1 log10 PFU/ml. Additionally, we
investigated growth in swine NPTr cells. Here, the two mutant Belzig viruses lacking
MxA escape mutations showed impaired replication relative to that of the wild-type
Belzig virus (Fig. S1D in the supplemental material).

To evaluate the MxA sensitivity of the viruses generated, we made use of the
established cell line MDCK-SIAT1-MxA and the control cell line MDCK-SIAT1-MxA-
T103A, stably overexpressing MxA or antivirally inactive MxA-T103A, respectively (15).
Cells were infected at an MOI of 0.001, and viral titers were determined 24 h postin-
fection. The ratios of the viral titers in MDCK-SIAT1-MxA cells to those in MDCK-SIAT1-
MxA-T103A cells were calculated in order to more easily assess the MxA sensitivity
phenotype. All viruses grew to reasonable titers in the absence of antivirally active MxA
(Fig. 2C, bottom, open bars). As expected, the growth of the wild-type H5N1 and H7N7
viruses was strongly inhibited by MxA, with �4-log10 reductions in titers in both cases,
while the positive control, H7N7-NP-3x-G16D, was only minimally affected by the
activity of MxA (�1-log10 reduction). A similar phenotype of highly increased MxA
resistance was observed with H7N7-Belzig-NP (�1.5-log10 reduction). In accord with
our results presented above (Fig. 1B), the introduction of the two avian influenza virus
amino acids 98R and 99R into H7N7 virus-encoded Belzig-NP resulted in decreased MxA
resistance, reducing viral titers by �2 log10 PFU/ml in the presence of MxA. Finally, the
replacement of all three MxA escape mutations in Belzig-NP with amino acids of avian
influenza virus origin (Q48K, K98R, and K99R) led to a phenotype comparable to those

FIG 2 Influenza A viruses encoding Belzig-NP escape MxA restriction in MxA-overexpressing cells. (A and
B) MDCKII cells were infected at an MOI of 0.001 with wild-type or mutant H7N7 (A) or rBelzig (B) viruses
and were incubated at 37°C. Viral titers were determined at 12, 24, 36, and 48 h postinfection via plaque
assay. Error bars indicate the standard errors of the means from at least three independent experiments. (C
and D) MDCK-SIAT1 cells stably expressing either MxA (filled bars) or the antivirally inactive MxA-T103A
mutant (open bars) were infected at an MOI of 0.001 with wild-type or mutant H7N7 (C) or rBelzig (D)
viruses and were incubated at 37°C. The H5N1 and pH1N1 viruses were used as controls for MxA-sensitive
and -resistant viruses, respectively. Viral titers were determined 24 h postinfection via plaque assay. Error
bars indicate the standard errors of the means from at least three independent experiments. Student’s t test
was performed to determine the P value. *, P � 0.05; **, P � 0.01; ***, P � 0.001.
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of the MxA-sensitive H5N1 and H7N7 viruses: the difference in viral titers between
active and inactive MxA reached �3 log10 units (Fig. 2C).

Next, we compared the viral growth of the rBelzig and 2009 pandemic pH1N1
influenza virus strains in MDCK-SIAT1-MxA and MDCK-SIAT1-MxA-T103A cells. As shown
in Fig. 2D, rBelzig showed a level of MxA resistance comparable to that of the pH1N1
virus, with titers reduced by �2.5 log10 units in the presence of MxA. In contrast, viral
replication of rBelzig-NP-K98R, K99R and, in particular, rBelzig-NP-Q48K, K98R, K99R was
strongly reduced in the MxA-overexpressing cell line, reaching a �4.5-log10 reduction
in the case of the triple mutant and thus matching the phenotype of the MxA-sensitive
H5N1 virus. In summary, these data show that Belzig-NP confers a level of MxA
resistance comparable to that of human-adapted pandemic viruses and that this
resistance is due to the three mutations K48Q, R98K, and R99K.

Belzig-NP mediates increased MxA resistance in MxA-transgenic mice. MxA-
transgenic mice have recently been shown to be a bona fide animal model for
distinguishing IAV strains susceptible to inhibition by MxA from MxA-resistant strains
(9). We aimed to use this model to investigate whether Belzig-NP also confers MxA
resistance in vivo. For this purpose, C57BL/6N (B6) control mice or homozygous
MxA-transgenic (hMxtg�/�) mice were infected intranasally using an inoculum of 104

PFU/40 �l. Three days postinfection (dpi), lungs were harvested, and viral titers were
determined using plaque assays. The wild-type H7N7 virus grew to high titers of
�5 � 107 PFU/lung in B6 mice (Fig. 3A). As expected from the earlier cell culture
experiments (Fig. 2A and C), titers of H7N7-Belzig-NP and the mutant viruses (H7N7-
Belzig-NP-K98R, K99R and H7N7-Belzig-NP-Q48K, K98R, K99R) were reduced by about 1
log10 unit (Fig. 3A). In hMxtg�/� mice, on the other hand, the titer of the H7N7 virus
was clearly about 18-fold lower than the titer observed in B6 mice. In contrast,
H7N7-Belzig-NP largely resisted MxA activity in hMxtg�/� mice, and titers were hardly
affected (Fig. 3A). As expected, the introduction of 98R and 99R or of all three

FIG 3 Influenza A viruses encoding Belzig-NP escape restriction in MxA-transgenic mice. (A and B)
C57BL/6N (B6) mice lacking functional Mx proteins and B6 mice homozygous for the human MxA
transgene (hMxtg�/�) were challenged intranasally with 104 PFU of the indicated viruses with the H7N7
(A) or rBelzig (B) backbone. Viral titers in the lungs at 3 days postinfection were determined via plaque
assay. Error bars indicate the standard errors of the means for at least four mice. The fold decrease in the
titer in hMxtg�/� mice from that in B6 mice is shown at the top. Student’s t test was performed to
determine the P value for the difference between B6 and hMxtg�/� mice. *, P � 0.05; ***, P � 0.001.
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MxA-sensitive amino acids, 98R, 99R, and 48K (H7N7-Belzig-NP-K98R, K99R or H7N7-
Belzig-NP-Q48K, K98R, K99R), resulted in a pronounced �2-log10 reduction in viral titers
in hMxtg�/� mice. Recombinant wild-type Belzig and mutant viruses grew to compa-
rable titers of around 6 � 106 PFU/ml in B6 mice, indicating that amino acids 48Q, 98K,
and 99K do not impair viral replication (Fig. 3B). However, the titers of rBelzig-NP-K98R,
K99R and rBelzig-NP-Q48K, K98R, K99R were strongly decreased in hMxtg�/� mice, by
224- and 160-fold, respectively, whereas the titer of wild-type Belzig virus was reduced
by only 23-fold. These data demonstrate that Belzig-NP confers MxA resistance, which
relies mainly on amino acids 48Q, 98K, and 99K, not only in cell culture but also in vivo.

Positive selection of Mx resistance-increasing mutations in swine. We recently
showed that the acquisition of Mx resistance-conferring mutations in NP is evolution-
arily driven by positive selection through antivirally active Mx proteins (8). Based on
these data, it is therefore conceivable that the three Belzig-NP amino acids 48Q, 98K,
and 99K were preferentially selected by porcine Mx1 during the circulation of the
Eurasian avian-like swine IAV lineage in swine. To test this hypothesis, we generated a
phylogenetic tree comprising 267 Eurasian avian-like swine lineage isolates collected at
different time points between 1979 and 2013. Additionally, a number of characteristic
isolates of several other lineages, including human-adapted seasonal descendants of
pandemic IAV, were added to provide an elaborate overview through IAV NP evolution
(Fig. 4 shows a condensed phylogenetic tree, whereas Fig. S2 in the supplemental
material demonstrates the complete phylogenetic tree). As expected, the amino acids
48Q, 98K, and 99K appear in the NPs of the Eurasian avian-like swine IAV lineage in a
consecutive manner, separated by several years. The mutation with the most pro-
nounced MxA escape effect, R99K, was observed first, in an isolate from 1980, followed
by the K48Q mutation in 1989. R98K was found in isolates last, beginning in 1992. The
phylogenetic tree also demonstrates that once they emerged, the amino acid changes
were maintained. Intriguingly, viruses of the Eurasian avian-like swine IAV lineage were
isolated only from humans (zoonotic events highlighted with asterisks in Fig. 4) since
the time when all three mutations were acquired.

To complement these data, we furthermore analyzed the frequencies of amino acids
48Q, 98K, and 99K in avian, swine, and human IAV (data obtained from the NCBI
Influenza Virus Sequence Database [16]). As summarized in Table 1, all three mutations
are highly conserved among 737 viruses of the Eurasian avian-like swine IAV lineage
isolated from swine, with frequencies of at least 96.7%, and are completely conserved
in the 6 Eurasian avian-like swine IAV isolated from humans to date. This high level of
conservation of MxA resistance-conferring amino acids is similar to the frequencies
previously determined for human-adapted IAV (8) (see Table S1 in the supplemental
material). It is noteworthy that the amino acid 98K is also rather frequently found in the
descendants of the 1918 virus, with 91.5% frequency for seasonal viruses of the H1N1
subtype and 11.6% frequency for viruses of the H1N2, H2N2, and H3N2 subtypes.
Furthermore, 98K is even present in a small number of avian virus isolates (2.4%).

DISCUSSION

In this study, we challenged the hypothesis that IAV nucleoproteins (NPs) are under
positive selection by poMx1 in swine by studying the Eurasian avian-like swine IAV
lineage. To our surprise, we found that MxA resistance conferred by the NP of the
Eurasian avian-like swine IAV A/Swine/Belzig/2/2001 enables the virus to escape the
activity of MxA in a manner comparable to that of the human-adapted pH1N1-NP.
Using polymerase reconstitution assays, we could show that amino acids 48Q, 98K, and
99K in Belzig-NP are sufficient to provide resistance to human MxA, since replacement
of these MxA escape mutations with avian virus amino acids completely abrogated
MxA resistance. In agreement with those results, the introduction of 48Q, 98K, and 99K
into the MxA-sensitive H5N1-NP conferred MxA resistance to the same extent as that of
Belzig-NP and pH1N1-NP. These data could be validated in MxA-overexpressing MDCK-
SIAT1 cells and in an MxA-transgenic mouse model by use of an avian IAV encoding
Belzig-NP or a recombinant wild-type Belzig virus. Finally, phylogenetically, the three
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FIG 4 Phylogenetic analysis of representative NP sequences and the presence of MxA resistance-enhancing mutations. Shown is a maximum-likelihood
tree of 140 aligned representative NP sequences. Nucleotide sequences were retrieved from GenBank, manually aligned, and used for Bayesian tree

(Continued on next page)
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MxA escape mutations were successively introduced into the NP of the relatively young
Eurasian avian-like swine IAV lineage in a short time frame of about 1 decade and were
maintained as would have been predicted assuming positive selection under constant
pressure of the restriction factor poMx1.

While 48Q, 98K, and 99K are novel MxA escape mutations, which have not yet been
reported for any other IAV in this context, they localize in close proximity to the known
MxA escape clusters determined for pH1N1-NP and 1918-NP (8). The K48Q and R99K
mutations are unique to the Eurasian avian-like swine influenza virus lineage and hardly
ever appear in other IAV isolates. Intriguingly, however, the R99K substitution could,
among other substitutions, be observed after serial passaging of an avian H5N1 virus
in ferrets, which rendered the virus transmissible by respiratory droplets in this animal
model (17). The amino acid 98K, on the other hand, is not unique and can frequently
be found in the NPs of descendants of the 1918 virus and even in a small number of
avian isolates. However, the almost complete conservation of 98K in the Eurasian
avian-like swine IAV lineage and its localization adjacent to the critical position 100 in
the MxA resistance patch of human IAV suggest that it plays a crucial role in the
evolution of recent Eurasian avian-like swine lineage IAV.

We demonstrated previously that the most potent MxA escape mutations cause a
loss of viral fitness and are therefore not selected in the absence of Mx proteins similar
in potency to human MxA (8, 10). Consistently, the most potent pH1N1-NP MxA escape
mutation (E53D), which emerged during the circulation of classical North American
swine IAV in swine, is frequently lost after the reintroduction of the pH1N1 virus into
swine, most likely due to a lower selective pressure exerted by the less potent porcine
Mx1 (8). It is therefore surprising that swine-derived Belzig-NP reached a degree of MxA
resistance comparable to that of human pH1N1-NP. It is noteworthy, however, that the
three Belzig-NP-specific mutations K48Q, R98K, and R99K seem to reduce viral fitness
only minimally if at all, since in the absence of MxA, their replacement in Belzig-NP with
avian IAV amino acids fails to show an increase in viral titers of the avian H7N7 or the
Belzig wild-type virus. We therefore speculate that the acquisition of MxA escape
mutations in Belzig-NP generated no obvious growth deficit, and as a result, no
counterselection of these amino acids occurred. We cannot, however, completely
exclude a slight impact on viral fitness unless the NP mutations are tested individually
in avian viruses, such as H7N7 or H5N1 viruses.

We assumed previously that due to the fitness loss associated with MxA escape, only
two NPs with mutations sufficient to overcome MxA restriction have emerged during
the last 100 years, namely, 1918-NP and pH1N1-NP (8). These two NPs were used by all
IAV causing pandemics during this time frame, and therefore, efficient MxA escape

FIG 4 Legend (Continued)
inference with MrBayes, v3.2. The GTR�G�I substitution model was used. Convergence was reached after 3 million generations. The bar indicates
substitutions per site. Avian sequences are printed in gray, human seasonal sequences (H1N1, H3N2) in blue, Eurasian porcine sequences in green, and
the classical swine-derived H1N1 sequences in red. Amino acid substitutions resulting in MxA resistance are indicated. The complete phylogenetic tree
is shown in Fig. S2 in the supplemental material. Zoonotic events are highlighted with asterisks.

TABLE 1 Conservation of amino acids in NP that confer MxA resistancea

Host Subtype(s) or lineage

Frequency (%) of the following conserved
residue:

No. of strains analyzed48Q 98K 99K

Avian All 0.1 2.4 0.0 15,871
Human H1N1 seasonal 0.0 91.5 0.1 1,609
Human H1N2/H2N2/H3N2 seasonal 0.0 11.6 0.0 12,911
Swine Classical North American swine 0.0 0.5 0.2 2,842
Human pH1N1 0.0 0.1 0.0 8,998
Swine pH1N1 0.0 0.3 0.1 1,664
Human Eurasian avian-like swine 100.0 100.0 100.0 6
Swine Eurasian avian-like swine 97.0 96.7 97.6 737
aFull-length NP protein sequences of the indicated subtype and host were downloaded on 23 August 2018 from the NCBI influenza virus resource (16).
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clusters appear to be a prerequisite for overcoming the human species barrier (Fig. 5).
Consistently, the mutations were maintained in all viruses able to circulate stably in the
human population. Unexpectedly, we now identified a third MxA escape cluster with an
independent evolutionary history but comparable properties, indicating a zoonotic or
even pandemic potential of Eurasian avian-like swine IAV. Accordingly, human Eurasian
avian-like isolates have only started to emerge since all three MxA escape mutations
were acquired, but symptomatic infections have been sparse so far (18). Nevertheless,
efficient airborne transmission of Eurasian avian-like swine viruses could be demon-
strated in ferrets, indicating an already advanced adaptation to the mammalian, and
therefore also to the human, IAV transmission route (19). Additionally, since the late
1990s, the rate of reassortment in pigs has increased dramatically (4), especially in Asia,
where most IAV lineages constantly cocirculate (5). Furthermore, it has been shown that
reassortment of IAV with viruses of the Eurasian avian-like swine lineage is possible,
since two of the eight gene segments of the pandemic pH1N1 virus originate from this
lineage (1). Therefore, even if the Eurasian avian-like swine IAV fail to establish sus-
tained infection chains in humans, the fact that a novel MxA-resistant nucleoprotein
circulates in pigs is alarming, since we could show that H7N7 viruses incorporating the
Belzig-NP could withstand MxA restriction in vivo in the MxA transgenic mouse model.
This indicates that the Belzig-NP gene might be capable of being combined with genes
from many other IAV, including highly pathogenic avian IAV, during reassortment.

In summary, we identified a novel MxA-resistant nucleoprotein that is encoded by
the Eurasian avian-like swine IAV lineage currently circulating in swine populations in
Eurasia. Since escape from MxA is mandatory for overcoming the human species
barrier, this MxA-resistant NP presumably increases the pandemic risk of Eurasian
avian-like swine IAV. Furthermore, acquisition of the NP-encoding segment of IAV from
this lineage during coinfection events can result in reassortant viruses with high
pandemic potential, as exemplified best by the quadruple reassortant pandemic pH1N1
virus of 2009, which gained an MxA-preadapted NP from the classical swine IAV lineage
(1, 8).

FIG 5 Temporal appearance of MxA resistance-enhancing amino acids in NPs of Eurasian avian-like swine
IAV. Shown is the consecutive acquisition of MxA resistance-enhancing NP mutations in the 1918, “classical”
North American swine, and Eurasian avian-like swine lineages. For more-detailed information, see reference
8, Fig. 4, and Fig. S2 in the supplemental material.
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MATERIALS AND METHODS
Ethics statement. All animal experiments were performed in compliance with the German animal

protection law (TierSchG). The mice were housed and handled in accordance with good animal practices
as defined by FELASA and the national animal welfare body GV-SOLAS. The animal welfare committees
of the University of Freiburg, as well as the local authorities (Regierungspräsidium Freiburg), approved
all animal experiments.

Cells. Canine MDCKII, MDCK-SIAT1-MxA, and MDCK-SIAT1-MxA-T103A cells (15) (kindly provided by
Jesse D. Bloom, Fred Hutchinson Cancer Research Center, USA) and human HEK293T cells were main-
tained with Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal calf serum, 2 mM
L-glutamine, and 1% penicillin-streptomycin. The cells were kept at 37°C under a 5% CO2 atmosphere in
a tissue culture incubator.

Plasmid construction. pHW2000 rescue plasmids (20) and pCAGGS (21) expression plasmids
coding for NP were used for site-directed mutagenesis via QuikChange PCR or two-step assembly
PCR, respectively.

Generation of recombinant influenza A viruses. The recombinant viruses A/Swine/Belzig/2/2001
(H1N1), A/Hamburg/4/2009 (pH1N1), A/Thailand/1(KAN-1)/2004 (H5N1), and A/Seal/Massachusetts/
1/1980 (H7N7), as well as the NP mutant viruses, were generated by the eight-plasmid reverse-
genetics system as described previously (22). All recombinant viruses were plaque purified on
MDCKII cells. Virus stocks were prepared on MDCKII cells, and titers were determined by plaque
assay. The presence of the NP mutations introduced was confirmed via cDNA synthesis of isolated
NP viral RNA using the One-Step RT-PCR kit (Qiagen) and NP-specific primers. The PCR products were
then analyzed via Sanger sequencing.

Polymerase reconstitution assays. Polymerase activity was measured by transfecting HEK293T cells
with 10 ng of pCAGGS plasmids encoding PB2, PB1, and PA, 100 ng of pCAGGS plasmids encoding the
specific NP, and 100 ng of the artificial viral minigenome construct pPolI-FFLuc-RT. Transfection efficiency
was measured by cotransfecting 30 ng of pRL-SV40 expressing Renilla luciferase under the control of the
simian virus 40 (SV40) promoter. Additionally, 50 ng of the pCAGGS plasmid expressing either MxA or the
antivirally inactive MxA-T103A mutant was transfected. Alternatively, 200 ng of the pCAGGS plasmid
expressing either poMx1 or antivirally inactive MxA-T103A was transfected. The cells were lysed 24 h
posttransfection, and firefly and Renilla luciferase activities were measured using the dual-reporter assay
(Promega) according to the manufacturer’s protocol.

Virus infections in cell culture. NPTr, MDCKII, MDCK-SIAT1-MxA, and MDCK-SIAT1-MxA-T103A cells
were seeded in 6-well plates and were infected with virus at a multiplicity of infection (MOI) of 0.001 in
2 ml infection medium (DMEM supplemented with 0.2% bovine serum albumin [BSA] and 1% penicillin-
streptomycin). For pH1N1 and the rBelzig viruses, 1 �g/ml tosylsulfonyl phenylalanyl chloromethyl
ketone (TCPK)-treated trypsin was added to the infection medium. Virus titers in cell culture supernatants
were determined by plaque assay.

Animal experiments. C67BL/6N mice were obtained from Janvier (Le Genest-Saint-Isle, France), and
C67BL/6N mice transgenic for human MxA (hMxtg�/�) (9) were bred locally. Eight- to 10-week-old mice
were anesthetized with a mixture of ketamine (100 �g per g of body weight) and xylazine (5 �g per g
of body weight) administered intraperitoneally (i.p.) and were inoculated with the indicated doses of
viruses in 40 �l Opti-MEM supplemented with 0.3% BSA. The lungs of the infected animals were
harvested 3 dpi and were homogenized in 800 �l phosphate-buffered saline (PBS). Virus titers in the
organ homogenates were determined via plaque assays.

Molecular modeling. The PyMOL program (www.pymol.org) was used to assign the indicated
positions in the structural model of the NP of influenza virus A/Hong Kong/483/97 (H5N1) (PDB code
2Q06).

Alignments and phylogenetic analyses. NP sequences were retrieved from GenBank and were
aligned with MEGA5 (23). For maximum-likelihood (ML) tree inference, Metropolis-coupled Markov
chains were computed with MrBayes, v3.2 (24). The general time-reversible (GTR) substitution model
assuming gamma distribution (�G) (four gamma categories) and invariant sites (�I) was selected on the
basis of the Bayesian information criterion (BIC) and the corrected Akaike information criterion (AICc)
using a model test implemented in MEGA5. Two runs were conducted until convergence was reached
(3,000,000 and 5,000,000 generations, respectively).

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/JVI

.00997-18.
SUPPLEMENTAL FILE 1, PDF file, 0.7 MB.
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