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SUMMARY
We previously demonstrated that ectodomain residue Asp286 in N2 neuraminidase (NA; Asp268 in
N1 NA) present in budding-capable NA proteins contributes to productive NA plasma membrane
transport partly by mediating escape from tetherin restriction1. Budding-incapable NA proteins
contain a G at this position and either co-expression of HIV-1 vpu, or siRNA-mediated depletion
of tetherin rescued budding capabilities in these proteins1. Furthermore, replacement of D286 with
G in budding-capable NA proteins caused loss of function, preventing release of NA virus-like
particles (VLPs). Here, we show that mutation of this residue specifically modulates the ability of
NA to escape tetherin restriction at the plasma membrane and results in virus attenuation in vivo.
Based on immunogold electron microscopy and co-immunoprecipitation assays, both NAD286-
containing and NAD286G-containing proteins associated with tetherin in the ER. However, the
NAD286G loss-of-function mutant also associated with the host factor outside the ER and in
plasma membrane-localized VLPs as visualized using immunogold electron microscopy. We
conclude that the presence of aspartate at residue 286 liberates NA from tetherin-dependent
restriction upon exit from the ER compartment thus preventing restriction at the plasma
membrane. Underscoring the importance of these observations, knockdown of tetherin resulted in
a 1–1.5 log increase in influenza virus growth. Additionally, the loss-of-function mutation
conferred attenuation in a mouse model of influenza infection as evidenced by a 5-fold increase in
LD50 and increases in either percent survival or time to death dependent on the administered dose
in vivo.
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Introduction
Virus release, the final stage in the life cycle of most viruses presents a paradoxical problem
that is circumvented by evolutionarily diverse means. Since the infected cell bears the viral
receptor, a means of avoiding re-entry into the previously infected cell must be
accomplished allowing for viral spread to neighboring cells. Some paramyxoviruses,
poxviruses, flaviviruses, herpesviruses, and lentiviruses are capable of direct cell-to-cell
spread. In the case of influenza virus, an enzymatic activity encoded within the
neuraminidase (NA) cleaves the sialic acid receptor from the infected cell5; 6; 7; 8. This
allows for efficient release of nascent virions for subsequent infection of naive cells. Several
other functions have also been attributed to the influenza virus NA. These include cleavage
of tracheobronchial airway mucus to allow for improved virus penetration into the epithelial
cell layer9, enhancement of endosomal trafficking upon entry10, and the presence of a
hemadsorption site in some N2 NAs that increases the efficiency of sialic acid cleavage11.
Additionally, a WSN NA strain-specific recruitment of plasminogen allowing for trypsin-
independent HA cleavage has been demonstrated12. Using a virus-like particle (VLP)
system, we and others previously demonstrated the ability of NA to form VLPs when
expressed individually from plasmid DNA1; 13. Identification of this function suggested that
NA could contribute to budding and/or release of influenza virus in a novel way. The
determinant of this function mapped to a motif, present in certain influenza virus strains, on
the underside of the NA globular head (YPD286Φ, N2 numbering, YPD268Φ, N1
numbering)1. Mutation of the critical aspartate residue (286 N2 or 268 N1 numbering) to
either glycine or alanine respectively, cripples the budding capability of NA1. VLP studies
using solely the NA also indicated a role for the budding-capable NA in avoiding or
counteracting the antiviral restriction factor BST2/tetherin1. Watanabe et al. also confirmed
a tetherin-dependent influenza VLP release restriction using a nearly complete constellation
of influenza proteins14. However, they, and two other groups, did not find tetherin-mediated
inhibition of authentic influenza virus growth14; 15; 16. In addition, infection of BST2 −/−
mice with the influenza B virus resulted in a transient inhibition of viral lung titers found
specifically at early time points17. These data are in contrast to a study published by
Mangeat et al. demonstrating that tetherin does in fact inhibit influenza virus infection with
an intensity roughly equivalent to other putative interferon-stimulated genes (ISGs)18.
Therefore, controversy remains regarding the role of this factor in the inhibition of influenza
virus growth.

BST-2/tetherin was originally identified in multiple myeloma patients as a cell surface
marker on terminally differentiated B-cells19; 20. Subsequent studies identified BST-2/
tetherin as an up-regulated cell surface marker on plasmacytoid dendritic cells following
either influenza infection or treatment with interferon21; 22. It was later found that BST-2 is
capable of inhibiting the release of HIV virions through formation of a protease-sensitive
“tether” connecting virions to the cell surface23; 24; 25. These findings have been extended to
numerous virus families demonstrating the broad inhibitory activity of this innate immune
response26; 27; 28; 29; 30. Underscoring the functional relevance of these findings, many viral
proteins have been identified that antagonize tetherin23; 24; 26; 27; 31; 32. The HIV-1 accessory
protein vpu, the first viral factor found to possess this function, is able to mediate down-
regulation of tetherin from the cell surface and in several cases was shown to cause the
degradation of tetherin25; 33; 34; 35; 36. A complex glycosylation pattern causes tetherin to
migrate on SDS-polyacrylamide gels as a smear between 28–40 kDa. In our experience,
small differences in the appearance of the smear can be found dependent on the cell type
used, demonstrating the heterogeneity of the modifications. Since these glycan
modifications are added and accumulate as the protein transits from the ER through the
secretory pathway, they can be used as a surrogate marker for the maturation state of the
protein24; 37. Tetherin contains an N-terminal transmembrane domain and a C-terminal GPI
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anchor. Once at the plasma membrane it localizes to lipid rafts and incorporates into both
viral and cellular membranes during budding24; 38; 39. While the precise size of the tetherin
ectodomain tolerates considerable perturbation without functional disruption, recent
progress has identified this region as being critical to its antiviral activity2; 40; 41. Hammonds
et al. found that mutation of residues within the coiled coil region of the tetherin ectodomain
prevented tetherin-dependent release restriction and altered its plasma membrane
localization41. Recent findings also suggest that plasma membrane trafficking, endocytosis,
and recycling of tetherin are dependent on the small GTPase dynamin22; 3; 4. It is speculated
that these elements enable the protein to reach, and maintain itself in, lipid raft-enriched
regions at the cell surface.

In order to further explore the functional relevance of the YPD motif present in budding-
capable NA proteins, we determined the intracellular and cell surface phenotypes of gain-
and loss-of-function NA mutants in this region. These studies took advantage of three
closely related (greater than 90% sequence identity) N2 subtype neuraminidases that either
contained (Japan/57) or lacked (Udorn/72 and Hong Kong/68) the critical YPD286 motif.
We initially sought to determine the extent of colocalization of the various NA proteins and
tetherin by immunogold thin section EM studies. This analysis demonstrated modulations in
NA-tetherin colocalization at the plasma membrane based on this motif and detection of
gold labeled tetherin protein specifically within release-restricted, NA(G286-containing)
VLPs. These findings were further supported by immunoprecipitation studies using WT NA
proteins and the gain-of-function mutant Hong Kong/68 NAG286D. These experiments
demonstrated that while NAD286 associated specifically with ER-associated tetherin species,
NAG286 associated with both ER-associated and mature forms of tetherin. We previously
found that mutation of the equivalent residue D268 in the N1 WSN/33 strain also crippled its
budding capability. We therefore utilized the WSN virus rescue system to demonstrate that
loss-of-function mutation of the YPD motif results in in vivo virus attenuation in a mouse
model of infection. Specifically, we identified a 5-fold increase in LD50 upon loss of
function mutation and increases in either percent survival or time to death dependent on the
administered dose in vivo. This observation underscores the relevance of this newly
identified NA function in the life cycle of influenza virus.

Results
Intracellular evasion of tetherin requires NA residue D286

Since we observed that blocking tetherin restriction by siRNA-mediated depletion permits
cell-surface delivery of a budding-incompetent Hong Kong/68 NA that is nevertheless
capable of assembling VLPs1, we hypothesized that NA residue 286 might specifically
impact tetherin sensitivity either in transit to, or once present at the plasma membrane. To
examine this possibility, we first determined, by indirect immunogold labeling at high
resolution, the distribution in COS-1 cells of endogenous tetherin and NA VLPs produced
by expression of Japan/57 WT NA. Prior to conducting the thin section EM experiments, we
individually performed secondary only and primary/secondary antibody titrations on
untransfected cells to identify antibody dilutions resulting in only minimal background
staining (data not shown). Cells were then transfected with DNA encoding Japan/57 NA
(D286-containing), fixed and prepared for thin-section immunoelectron microscopy.
Utilization of both anti-tetherin primary and 18nm gold-conjugated secondary antibodies
revealed significant labeling of tetherin at and near the plasma membrane (Figure 1A,
arrows). However, VLPs at the cell surface, although scarce presumably due to their
efficient release1, contained no detectable tetherin (panel 1B and inset B1), consistent with
the notion that they escape tetherin restriction. The presence of Japan/57 NA within these
VLP structures was confirmed by immunogold labeling using anti-NA primary antibodies
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and 12nm gold-conjugated secondary antibodies (panel 1C). 18 nm gold-conjugated
secondary antibodies were used for NA detection in panel 1D.

To explore this phenomenon further, we conducted a “loss-of-function” test to determine
whether the substitution of glycine for aspartate at residue 286 would cause Japan/57 NA to
co-localize with tetherin. As shown in FIGURE 2A, under low power magnification, an
increase in cell-associated VLPs were detected upon expression of the Japan/57 NAD286G
mutant. Additionally, and unlike the WT Japan/57 NA VLPs, tetherin was extensively
associated with these structures (Figure 2, insets A1 and A2). In order to further characterize
this observation, we performed NA and tetherin immunogold labeling concurrently utilizing
12nm gold conjugated beads for NA detection and 18nm gold conjugated beads for tetherin
detection. As demonstrated in Figure 2, panels B and C, we frequently found NA and
tetherin localized within the same VLP structure on thin section EM analysis. These
observations suggest that Japan/57 NAD286G encountered tetherin either during its transit to,
or once localized at, the plasma membrane and support the conclusion that residue 286 in
the ectodomain of the protein is a determinant of tetherin sensitivity.

The NA protein encoded by the Udorn/72 strain of influenza A virus contains glycine at
position 286. To determine whether the substitution of D for G would confer escape from
tetherin in the context of this strain, we performed a gain-of-function test. COS-1 cells
transfected with Udorn/72 NA or a gain-of-function mutant in which D was substituted for
G (Udorn/72 NAG286D) were prepared for immunoelectron microscopy as described above
and examined for NA and endogenous tetherin. Since no releasing VLPs are formed by
either the WT or gain of function mutant1, we observed NA and tetherin colocalization
intracellularly and at the plasma membrane. Given that an IgG antibody molecule consists of
three, roughly equally sized arms (2 Fab, and 1 Fc fragments) and the Fab fragment has been
demonstrated to be 7 nm in length43, we established a conservative limit of 40 nm to score
colocalization of tetherin and NA intracellularly (given a maximum of 20 nm for each
antibody molecule in the unlikely event that it is fully extended). As shown in FIGURE 3A,
Udorn/72 NA co-localized with tetherin throughout the cytoplasm (large inclusion, and
panel D) and at the plasma membrane (indicated by arrows in 3A and panel B) and was
typically found within 20 nm of the labeled tetherin. In contrast, NAG286D and tetherin
accumulated in separate spaces (panels 3C and 3E), typically separated by more than 200
nm. A quantitative analysis indicated that 12 nm gold-tagged Udorn/72 NA co-localized
with 18 nm gold-tagged tetherin in 21 of 40 randomly selected fields from the data set (52%,
n = 2). In contrast, Udorn/72 NAG286D co-localized with tetherin in 7 of 44 randomly
selected fields from the data set (16%, n = 2). These results support the conclusion that
residue D286 in the NA ectodomain allows the protein to bypass tetherin restriction.

NA budding competence dictates the maturation state of its associated tetherin
In order to determine if tetherin and NA interact, we performed co-immunoprecipitation
experiments. 293T cells were transfected with either budding-competent (YPD-containing)
Japan/57 NA or budding-incompetent Hong Kong/68 NA, with and without the co-
expression of tetherin (HA-tagged just upstream of the GPI anchor and previously
demonstrated to be functional)23. As shown in FIGURE 4, panel A, both Japan/57 and the
Hong Kong/68 WT NA proteins co-immunoprecipitated tetherin. Interestingly, however, we
noted that the migration characteristics of the associated tetherin correlated to the budding-
competence of the NA. Tetherin that co-immunoprecipitated with budding-competent Japan/
57 NA migrated as a single band at approximately 26 kDa (panel A) or two discrete bands
migrating at approximately 26 and 30 kDa that correspond to predominantly the newly-
synthesized form of the protein and protein bearing immature glycosylation (as evidenced
by its EndoH-dependent removal), respectively44; 45. The minor bands that remain after
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EndoH digestion, are also present in the PNGase treated sample and therefore may represent
a yet unidentified tetherin modification. In contrast, tetherin that co-immunoprecipitated
with budding-incompetent Hong Kong/68 NA migrated as a rather large smear between 28
and 43 kDa, corresponding to glycosylated forms of tetherin37. To further define the smear,
we performed glycosidase digestion with PNGase and EndoH glycosidases. PNGase
nonspecifically removes all N-linked glycans while EndoH removes only the high mannose
glycans added in the ER44; 45; 46. Therefore, the unique specificities of the Endo H and
PNGase enzymes can be used to monitor protein trafficking. Since N-linked glycosylation
occurs in the ER, proteins in this organelle are sensitive to Endo H digestion. If they have
entered the Golgi, where additional modifications occur to the glycan, they are resistant to
Endo H digestion. As is apparent in panel 4B, treatment with PNGase or EndoH altered the
migration of the NA-associated tetherin species. For both the Japan/57 NA- and the Hong
Kong/68 NA–associated species, the PNGase treatment resulted in faster migrating species.
In contrast to the identical effects of PNGase treatment on both samples, a significantly
larger portion of the tetherin-associated with the budding incapable Hong Kong/68 NA was
EndoH-resistant and therefore represented mature tetherin that had been transported out of
the ER. To confirm consistency with the thin section EM results obtained in Cos-1 cells, we
also performed the immunoprecipitation experiment with Hong Kong/68 NA and the gain-
of-function mutant (Hong Kong/68 NAG286D) in Cos-1 cells. As evident in panel 4C, the
gain-of-function mutation in the Hong Kong/68 NA resulted in a phenotype that mirrored
that of the budding-capable Japan/57 NA, i.e., loss of the slowly migrating, EndoH-resistant,
species representing the post-ER forms of tetherin. Since tetherin functions at the plasma
membrane and only the budding-incompetent Hong Kong/68 WT NA associates with post-
ER, mature tetherin, we conclude that budding-competent NA possesses a YPD-dependent
means of avoiding tetherin association after its maturation.

Tetherin is induced upon WT influenza virus infection
Tetherin is not uniformly expressed constitutively in epithelial cell lines23; 47. Rather, it is
interferon inducible and mediates its antiviral effects following induction21; 22; 24; 32.
Winkler et al. recently reported interferon dependent induction of tetherin upon influenza
virus infection16. To determine whether influenza virus infection induces tetherin in our
system, A549 cells were infected at an MOI of 0.05 with WT influenza A virus from both
the H1N1 and H3N2 subtypes. Significant increases in tetherin expression were observed at
both the mRNA and protein levels at 24 and 48 hours post infection, respectively (FIGURE
5). These data demonstrate that tetherin is induced upon infection with WT influenza viruses
of both currently circulating human influenza virus subtypes and are in agreement with the
previously published results of Winkler et al16.

Trypsin, added exogenously to the influenza virus growth medium, results in the
degradation of tetherin

The influenza virus hemagglutinin is expressed as a precursor (HA0) that normally gets
cleaved by host proteases (either trypsin or furin-like, depending on the presence of a
polybasic cleavage site) during in vivo infection48; 49; 50; 51. In order to allow multi-cycle
growth of influenza virus in tissue culture, TPCK-treated Trypsin is typically added to the
virus growth medium allowing for cleavage of the HA0 precursor protein into its fusion-
competent form containing the HA1 and HA2 cleavage products52. In addition, virus growth
medium is typically devoid of serum since components in serum can inhibit the activity of
trypsin and impact influenza virus entry52; 53; 54; 55. We determined that when influenza
virus was grown in standard virus growth medium (1× Minimal Essential Medium MEM
supplemented with 1× P/S, 0.15% Sodium Bicarbonate, L-glutamine, 200 mM Hepes (7.4),
0.3% BSA, and 1 ug/mL TPCK-Trypsin), tetherin was rapidly degraded in the absence of
any serum inhibitors of trypsin activity. This degradation was observed as early as 3 hours
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post addition of virus growth medium (Figure 6A, left). These results are similar to those
obtained by Hammonds et al., who demonstrated that trypsin can interfere with the
inhibitory role of tetherin on HIV release56. To eliminate trypsin-dependent degradation in
our experiments, virus growth medium containing a decreased trypsin concentration (0.5 ug/
mL) and minimal amounts of serum (0.5%) was used, thus preventing its degradation and
permitting multicycle replication (Figure 6A, right).

Significant controversy exists as to whether tetherin is able to exert an antiviral effect on
influenza virus. Three studies demonstrated minimal or no effect on virus replication14; 15; 16

while a study by Mangeat et al. demonstrated an approximately 10- to 50- fold tetherin-
dependent reduction in virus titer18. In order to determine the functional consequences of
tetherin expression on influenza virus infection in our system, we analyzed virus growth in
the presence or absence of endogenously expressed tetherin. Influenza virus replicates
poorly in HeLa cells which express high levels of tetherin constitutively32. In order to
explore the contribution of tetherin to this restriction, we used lentiviral transduction to
generate a polyclonal cell line that constitutively expresses an shRNA against tetherin and
an additional polyclonal cell line expressing a scrambled control shRNA. The specificity of
this shRNA for tetherin was confirmed in our previous study using an engineered shRNA
resistant tetherin protein1. The lentiviral system we used (pLVX-shRNA1; Clontech)
allowed enrichment of GFP-positive cells by FACS sorting. As shown in FIGURE 6, panel
A (right), the tetherin knockdown efficiency within GFP-positive cells was approximately
95%. Analysis of WT PR8 virus growth in the presence and absence of the targeted shRNA
revealed that tetherin contributes to restriction of influenza A virus growth in HeLa cells.
We observed a 10-fold increase in virus yield upon tetherin knockdown (panel B). Identical
results were obtained with the WSN virus strain in these cells (panel C). Similar results were
also obtained with the recent swine flu pandemic isolate A/California/04/09 (H1N1) (data
not shown).

Tetherin restricts influenza A virus replication in a human respiratory epithelial cell line
In order to determine if the observed results were specific to HeLa cells, lentiviral
transduction was also used to generate a polyclonal cell line stably expressing either
scrambled or tetherin-targeted shRNAs in the small cell lung cancer cell line NCI-H196.
This cell line was selected because it is of lung epithelial origin and tetherin has been shown
previously to be a cell surface marker on these cells47. As shown in FIGURE 7, panel A, the
knockdown efficiency of tetherin in the cells was greater than 95% after sorting for GFP-
positive cells. As shown in panels 7B and 7C, the knockdown of tetherin in these cells also
resulted in a 10- to 50-fold increase in virus growth for both the PR8 and WSN influenza A
virus strains at an MOI of 0.5. Increased growth in this cell population was also observed in
single cycle infections following tetherin knockdown. As shown in FIGURE 8, panel A, a 7-
fold average increase in viral titer upon tetherin knockdown was observed following WSN
infection at an MOI of 1.0 with harvest at 14 hours. Taken together with the findings in
HeLa cells, these results indicate that tetherin restricts the replication of both lab-adapted
and recently circulating H1N1 strains.

The budding/release stage of the influenza A virus life cycle is affected by tetherin
Since tetherin-mediated inhibition of influenza A virus growth was observed during a single
cycle of replication, it allowed us to investigate the stage of the influenza A virus life cycle
that is restricted. In order to accomplish this, budding assays were performed in the NCI-
H196 cell line using the complete WSN virus in a manner described previously1. As shown
in Figure 8B, during single cycle replication (MOI 1.0, 14 hours post infection harvest)
significant increases in virus particle production were detected in the media of the tetherin-
knockdown NCI-H196 cells as evident by anti-HA0 and anti-HA2 western blot analysis.

Grado et al. Page 6

J Mol Biol. Author manuscript; available in PMC 2015 March 20.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Concurrent analysis of whole cell extracts demonstrated that equivalent viral replication had
occurred as evident by equivalent levels of HA0 and HA2 in the infected cells. These results
demonstrate that late events in the influenza virus life cycle were targeted by tetherin
resulting in inhibition of virus growth. This observation supports the findings of Mangeat et
al.18.

Loss-of-function mutation of the YPD motif in the ectodomain of the WSN neuraminidase
attenuates the virus in vivo

In order to determine the functional consequences of the YPD motif in the context of
influenza A virusgrowth in vivo, we rescued recombinant WT and mutant (YPD268 to
YPA268) WSN influenza viruses from the same plasmid set and tested them in a well-
established BALB/c mouse model of influenza A virus infection. In our initial experiments,
we infected mice with equivalent amounts of WT or mutant virus (500 pfu/mouse, Figure
9A) and recorded body weight loss and survival for 14 days post infection. In these
experiments, we observed in vivo attenuation of the mutant virus as evident by greater
percent survival in the mutant virus infected group (40% mutant vs 20% WT, n=10, Figure
9A). While statistical analysis of these data did not reveal significant differences, it did
reveal that given a 20% difference in survival the study was considerably statistically
underpowered (18.3%) and would require more than 100 animals per group in order to
achieve the appropriate 80% power-level for accurate statistical analysis. In order to address
this shortcoming, we performed a second set of experiments where we increased the
infectious dose to 1000 pfu/mouse and utilized a lower percent body weight cutoff for the
determination of lethality. Although this increased dose was lethal in 100% of the animals
tested, we observed a statistically significant difference in the time to death in the group of
animals infected with the mutant virus (Figure 9B, Log-rank (Mantel-Cox) p=0.047). We
also performed an experiment to determine the LD50 of both viruses in BALB/c mice.
Consistent with a role for the YPD motif in in vivo pathogenesis, the LD50 differed
significantly when the rescued WT WSN virus was compared with the YPA loss-of-function
mutant (121 pfu vs 544 pfu, respectively, Figure 9C). These data demonstrate that loss of
function mutation of the YPD motif within WSN NA results in virus attenuation in vivo.
Thus, the motif is a determinant of a novel NA function that contributes to the outcome of
infection.

Discussion
We demonstrate that NA contains a motif on the underside of the ectodomain that confers
escape from tetherin restriction and productive release of the virus from the plasma
membrane. The functional relevance of this finding is underscored by tetherin-mediated
inhibition of virus growth in vitro and attenuation of virus replication in vivo following loss-
of-function mutation of the motif. The level of viral inhibition observed (1 to 1.5 logs and/or
mild in vivo attenuation) is consistent with the fact that tetherin is only one of hundreds of
ISGs mediating the antiviral response57; 58. We previously identified a role for tetherin in
the inhibition of NA-driven VLP release and showed that this was linked to the YPD motif
in NA1. We now provided evidence for tetherin-mediated inhibition of authentic influenza
virus particle release. In addition, we show that NA and tetherin interact through co-
immunoprecipitation experiments that are further supported by immunogold localization in
thin section EM images.

We were unable to demonstrate enhanced survival using the loss-of-function mutant in
tetherin-knockout mice (C57BL/6 background). However, we generated polyclonal, murine
tetherin-expressing, A549 cells in a background where the human tetherin protein had been
stably knocked down. Infection of these cells at an MOI of 0.2 with the loss-of-function
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YPA mutant WSN virus resulted in a 6-fold inhibition of virus growth compared to WT
A549 cells. However, growth of the WT WSN virus was also inhibited, albeit to a lesser
degree (2.5-fold), which complicated the interpretation. Thus, we cannot completely rule out
the possibility that additional factors play a role in the observed in vivo attenuation.

Mangeat et al. provided evidence that the intrinsic enzymatic activity of NA desialylates the
highly glycosylated species of tetherin18. Our results are consistent with this possibility in
addition to suggesting that budding-competent NA proteins may also be able to trap
immature tetherin species in the ER. Further experiments must be performed to test this
hypothesis. Although our findings are in general agreement with Mangeat et al., they differ
from reports published by Watanabe et al., Bruce et al., and Winkler et al.14; 15; 16; 18.
Possible explanations for these differences include experimental design, cell lines used, and
the presence of trypsin in the influenza virus growth medium (c.f. Materials and Methods
and Figure 6). In addition, the levels of tetherin modulation (overexpression and/or
knockdown) might have differed significantly between the different studies. Although
careful positive controls were evident in the studies demonstrating the lack of an effect of
tetherin on influenza A virus replication, the control viruses used may have been more
sensitive to tetherin-dependent restriction. The multiplicity of infection used in the
Watanabe et al., Bruce et al., and Winkler et al. studies may have resulted in the differences
between our findings. All three groups performed their experiments at a relatively high MOI
(MOI of 1.0)14; 15; 16. We examined this possibility and confirmed that, at an MOI of 1.0,
little to no enhancement was observed in our HeLa cell lines (3-fold vs 10-fold at MOI 0.5,
data not shown). Notwithstanding the outcome in HeLa cells, our multi-cycle replication
analysis and our analysis of replication in the NCI-H196 cells enabled clear differences to be
observed. The utilization of our unique virus growth medium to permit multi-cycle
replication without tetherin degradation facilitated this analysis. The tetherin-mediated
restriction imposed on certain WT influenza A viruses possessing a G at position 286
suggests that some level of competition naturally occurs between NA and tetherin. It will be
of interest to determine the precise role of the YPD and YPG motifs in circulating influenza
virus strains and the presumed advantage of conserving the latter sequence.

Materials and Methods
Cells, plasmids, and reagents

A549, HeLa, (WT and shRNA-expressing) and COS-1 cells were maintained in DMEM
supplemented with 1× Pen/Strep and 10% FBS. The COS-1 cells were used for thin-section
immuno-electron microscopy (EM), as their flat morphology and high ratio of cytoplasm to
nucleus allows improved visualization of subcellular structures. NCI-H196 cells were
purchased from ATCC. Both WT and shRNA-expressing cells were maintained in ATCC
RPMI medium supplemented with 10% FBS that was not heat-inactivated and 1× Pen/Strep.
The plasmid (pCAGGS) encoding the NA protein of Udorn/72 was an identical match to the
published GenBank sequence; the plasmid encoding the Japan/57 NA differed at one amino
acid (S367G) from the published GenBank sequence (CY045806.1). The goat anti-influenza
virus Singapore/57 N2 antibody (BEI resources) was used for immunogold labeling and
immunoprecipitation. Antibodies against the HA and Flag epitope tags were used for
immunoblotting and were purchased from Sigma (H-9658 and F-7425, respectively). The
tetherin-related antibodies used included a rabbit anti-BST-2 antibody (kindly provided by
Klaus Strebel). Anti-goat 12-nm and anti-rabbit 18nm gold-conjugated secondary antibodies
used for thin-section EM analysis were purchased from Electron Microscopy Sciences.
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Thin sectioning and electron microscopy
Cells grown on Aclar film were fixed in 4% paraformaldehyde-0.1% electron microscopy
(EM)-grade glutaraldehyde in phosphate-buffered saline (PBS), soaked in 2% osmium
tetroxide, dehydrated in a graded series of ethyl alcohol solutions, and embedded in
Durcupan resin. Thin sections of 80 nm were counterstained with uranyl acetate and lead
citrate and viewed with an FEI Tecanal BioTwinG2 electron microscope.

Tetherin induction experiments
A549 cells (approximately 8 × 105 per well) were infected in 6-well dishes at an MOI of
0.05 with the indicated viruses. Cells were harvested at 24 and 48 hours post infection and
divided into two portions for analysis of tetherin mRNA (at 24 hours) and for protein
quantification (at 24 and 48 hours) by qPCR and western blot, respectively. qPCR was
performed on total RNA isolated with the Qiagen RNA kit according to the manufacturer’s
instructions. qPCR analysis was performed using the Bio-Rad CFX96 real-time system and
the CFX manager software provided with the instrument. Primers for tetherin and GAPDH
were purchased from SA Biosciences as part of the qPCR kit. Protein samples were assayed
for total protein content using the BCA assay (Pierce) and analyzed by western blot after the
addition of 0.1% bromophenol blue.

Trypsin-dependent degradation of tetherin experiments
HeLa cells were plated in 6-well dishes (6×105 cells/well) in standard growth medium. At
TO cells were washed 2× with PBS and medium was changed to standard influenza virus
growth medium (1× Minimal Essential Medium MEM supplemented with 1× P/S, 0.15%
Sodium Bicarbonate, L-glutamine, 200 mM Hepes (7.4), 0.3% BSA, and 1 ug/mL TPCK-
Trypsin). Cells were harvested at 3, 6, and 24 hours by washing 2× in cold PBS and lysing
cells directly in 2× SDS Sample buffer lacking bromophenol blue and reducing agent to
allow for BCA protein assay (Pierce) prior to western blot analysis. Bromophenol blue
(0.01%) and DTT (25mM final concentration) were added and samples were boiled again
prior to western blot analysis.

Lentiviral transduction/polyclonal knockdown cell line generation
To produce stable knockdown of tetherin in mammalian cell lines, siRNA targeted
sequences in tetherin, described previously1, and a scrambled sequence control 5’-
GCCCTGTATGGATCTCGTA-3’) were inserted into a predetermined hairpin structure and
cloned into the shRNA-2 GFP lentiviral expression system (Clontech). Lentivirus particles
were generated using lenti-gag/pol 293T cells by standard transfection methods. Prior to
transduction, lentiviral particles from 6 wells of transfected lenti-GP 293T’s were
concentrated using the lenti-X concentrator solution (Clontech) for the transduction of one
well of a 6-well dish of target cells (Hela or NCI-H196). Cells were transduced by
spinoculation (1,200 × g, 2 hours) in the presence of 8 ug/mL polybrene and the inoculation
medium was changed 12–14 hours post transduction. After expansion, GFP-positive cells
were sorted at equivalent intensities for both the scrambled and tetherin knockdown cells. In
order to ensure efficient knockdown, the brightest 20% of cells were used for analysis. Cell
lines were used within one to two weeks of sorting to maintain the high knockdown
efficiency.

Growth curve analysis of WT influenza A virus
Hela and NCI-H196 (WT, SCRshRNA, TETHshRNA) cell lines were washed twice with
PBS and infected in triplicate at an MOI of 0.5 for 1 hour at 37°C in PBS containing 0.3%
BSA, 1× Penicillin/Streptomycin (P/S) and Ca2+/Mg2+ (0.9mM/1.05mM respectively). The
inoculum was then removed, cells were washed 2× with PBS, and virus growth medium was
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added (DMEM, 0.5% FBS, 0.3% BSA, 1× P/S, 0.5 µg/mL TPCK Trypsin). Cells were
collected immediately post the addition of growth medium (T0) and again at 4, 8, 12, 24, and
36 hours post infection. Virus titers at the various time points were determined by plaque
assay on MDCK cells.

NA and tetherin immunoprecipitation experiments
Cell lysates were prepared from 293T or Cos cells (4.5 × 106 or 3.0 × 106 respectively)
expressing NA alone or NA and HA-tagged tetherin23. Approximately 48 hrs (panel A), or
60 hrs (panels B and C) post transfection, cells were washed 2× with cold PBS, scraped and
pelleted in 1 mL of cold PBS prior to lysis in 750uL of RIPA (50mM Tris pH8.0, 150mM
NaCl, 1% Igepal CA-630 (NP-40 substitute), 0.5% deoxycholate, 0.1% SDS) buffer with
1mM dithiothreitol (DTT) and a Protease Inhibitor Mini Tablet (Roche). Following
incubation for 20 min at 4°C, the lysates were clarified by centrifugation (15 min at 13,000
rpm) and pre-cleared with protein A agarose (Roche) prior to immunoprecipitation. NA was
immunoprecipitated with goat anti-Singapore/57 polyclonal antibody overnight at 4°C with
protein A agarose (Roche) beads added to the mixture. Beads were washed 4× with RIPA
buffer prior to the addition of 2× sample buffer supplemented with 50 mM fresh DTT,
boiled, and analyzed by western blot (10% Bio-Rad Criterion gel).

Mouse Studies
All animal procedures were approved by the Institutional Animal Care and Use Committee
(IACUC) of the Icahn School of Medicine at Mount Sinai. BALB/c female mice were
purchased from Jackson Laboratories (Bar Harbor, ME) at 8- to 12 weeks of age. After
arrival, animals were housed in 48 × 25 × 16 cm polypropylene cages with filter tops to
minimize intercurrent infections. Food and water were provided ad libitum. Mice were
maintained on a 12:12 h light–dark cycle at an ambient temperature of 24 ± 1 °C. For
infection, mice were anesthetized by intraperitoneal injection of a mixture of ketamine (100
mg kg−1) and xylazine (5 mg kg−1) and infected intranasally with 500 (Figure 9A) or 1000
(Figure 9B) plaque forming units (PFUs) of either a recombinant influenza A/WSN/1933
(H1N1) or a mutant variant of this virus (NA-YPD268 to NA-YPA268). Clinical signs of
infection were monitored and body weight was recorded daily. Mice that lost more than
20%, (Figure 9A) or 30% (Figure 9B) of the initial body weight were considered dead and
humanely euthanized. To calculate the mouse lethal dose 50%, we used 8 to 10 week-old
mice (n=5 per group) and inoculated them intranasally with different dilutions (100, 250,
625 PFUs) of the stock virus diluted in 40 ul of sterile PBS. Mice were daily monitored for
mortality, weight loss, or other signs of disease over 14 days after infection. The mLD50
values were calculated by the method of Reed and Müench59. Survival curves were
generated and analyzed using Prism 6 software (Graphpad software).
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Highlights

- The functional relevance of a YPD motif within the influenza virus NA was
explored.

- Mutational analyses revealed motif-dependent sensitivity to tetherin
restriction.

- Tetherin was induced upon influenza virus infection and inhibited virus
growth.

- Loss of function mutation resulted in in vivo attenuation in a BALB/c mouse
model.

- Evidence for in vitro and in vivo functional relevance of this motif is
provided.
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Figure 1. VLPs formed by budding-competent Japan/57 NA escape tetherin restriction at the
plasma membrane
Cos-1 cells were transfected with Japan/57 NA, fixed at 48 hours post-transfection and
processed for thin section immunogold labeling and electron microscopy as indicated in the
Materials and Methods. Tetherin was detected with primary antibodies and labeled with
secondary antibodies conjugated to 18 nm gold beads (panels A, B, and B1). NA was
detected with primary antibodies and labeled with secondary antibodies conjugated to 12 nm
gold beads (panel C) and 18 nm gold beads (panel D), respectively. Panel A, tetherin labeled
at and near the plasma membrane. Panel B and inset B1, Japan/57 VLPs detected at the
plasma membrane lacking tetherin immunogold colocalization. Panels C and D, Japan/57
VLPs labeled with 12 nm or 18 nm gold beads adjacent to the plasma membrane,
respectively. Small arrows in panel A indicate tetherin gold labeling at and near the plasma
membrane. Large arrows in panel D indicate NA gold labeling on VLPs at the cell surface.
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Figure 2. Loss-of-function mutation Japan/57 NAD286G results in colocalization of NA and
tetherin in VLPs
Cos-1 cells were transfected with the loss-of-function Japan/57 NAD286G mutant, fixed at 48
hours post-transfection and processed for thin section immunogold labeling electron
microscopy as described in the Materials and Methods. Panels A-A2, VLPs at the cell
surface labeled with 18 nm tetherin gold beads; panels B and C, VLPs at the cell surface
double labeled for NA (12nm gold) and tetherin (18nm gold). Circles in panel A2 indicate
tetherin gold labeling at apparent fusion points between VLP particles. Large and small
arrows in panels B and C indicate 18 nm tetherin gold labeling and 12 nm NA gold labeling
within single VLPs, respectively.
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Figure 3. Gain-of-function mutation Udorn/72 NAG286D rescues NA from tetherin colocalization
Cos-1 cells were transfected with either the WT or the gain-of-function Udorn/72 NAG286D
mutant, fixed at 48 hours post-transfection and processed for thin section immunogold
labeling electron microscopy. NA and tetherin were detected with primary antibodies and
labeled with secondary antibodies conjugated to 12 nm or 18 nm gold beads respectively.
Panels A, B and D Udorn/72 WT NA and tetherin in the cell interior and at the plasma
membrane indicated by thick (tetherin) and thin (NA) arrows. Panels C and E, Gain-of-
function Udorn/72 NAG286D mutant and tetherin labeling in the cell interior.
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Figure 4. NA co-immunoprecipitates with tetherin and the maturation state of the bound
tetherin correlates with NA budding competence
293T (panels A and B) or Cos-1 cells (panel C), were transfected with DNA encoding NA
alone or co-transfected with plasmids encoding NA and tetherin, as indicated.
Approximately 48–60 hours post-transfection, the cells were harvested, lysates prepared,
and NA proteins immunoprecipitated. Panel A, NA and/or tetherin in immunoprecipitates
was detected by western blotting with either anti-NA or anti-HA-tag (tetherin) antibodies.
Panel B, Equivalent amounts of immunoprecipitated sample was either left untreated (NAT)
or treated with either PNGase or EndoH prior to western blot analysis.
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Figure 5. Tetherin is induced upon WT influenza virus infection
Panel A, A549 cells were mock-infected or infected with the indicated viruses at an MOI of
0.05. 24 hours post-infection, cells were harvested and tetherin mRNA levels were
quantified by real-time PCR. Panel B, A549 cells were infected as in A, but were lysed
directly in 2× SDS sample buffer and analyzed by western blot and non-reducing SDS-
PAGE for the indicated proteins. The image shows a single western blot from which
superfluous intervening lanes have been cropped.
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Figure 6. Tetherin contributes to the poor growth properties of influenza virus in HeLa cells
Panel A, left, HeLa cells were washed 2× and the medium was either unchanged (control),
or changed to standard influenza virus growth medium (trypsin-containing) as described in
the text. Just prior to the addition of virus growth medium, T0, and at 3, 6, and 24 hours post
medium change, cells were lysed and analyzed by western blot. Panel A, right, Cells were
infected at moi = 0.05 and then incubated in the tetherin-sparing virus growth medium
described in the results. 24 hours after medium transfer, the cells were lysed and the
efficiency of shRNA-mediated stable tetherin knockdown was determined by western blot.
Anti-Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody was used as a loading
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control. Panel B, Virus growth analysis performed after infection of the indicated HeLa cell
lines with either WT PR8 (top) or WT WSN (bottom) viruses at an MOI of 0.5. Virus
titration was performed by standard plaque assay on MDCK cells.
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Figure 7. Tetherin inhibits influenza virus replication in the small cell lung cancer cell line NCI-
H196
Panel A, At the time of infection, the indicated stable cell line was washed twice with cold
PBS and lysed directly in 2× SDS sample buffer. The efficiency of shRNA-mediated
tetherin knockdown was determined by western blot. Anti-protein disulphide isomerase
(PDI) antibody was used as a loading control. Panel B, Virus growth analysis performed
after infection of the cell line with either WT PR8 (top) or WT WSN (bottom) virus at an
MOI of 0.5. Virus titration was performed by standard plaque assay on MDCK cells.
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Figure 8. Late events in the influenza life cycle are specifically targeted by tetherin
WT and stable, tetherin shRNA-expressing, NCI-H196 cells were infected at an MOI of 1.0
and virus present in supernatants was quantified by plaque assay (panel A) or purified over a
sucrose cushion for western blot analysis (panel B). As a loading control for tissue culture
supernatants, equal amounts of WT Adenovirus (dl309) were added to each sample prior to
centrifugation. Whole cell extracts were also prepared and analyzed. Anti-PDI antibody was
used as a loading control for whole cell extracts (WCEs).
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Figure 9. Mutation of the YPD motif results in virus attenuation in a BALB/c mouse model of
infection
Female BALB/c mice were intranasally inoculated with 500 (panel A, total n=10, 2×group)
or 1000 PFUs (panel B, total n=15, 1×5/group and 1×10/group) of either mutant (Mut) or
wild type (WT) virus. Mice were followed for 14 (panel A) or 12 (panel B) days after
infection and death was defined as a greater than 20% (panel A) or 30% (panel B) reduction
in initial body weight and used to generate survival curves. The asterisk in panel B
represents a statistically significant difference (Log-rank, Mantel Cox test) in time to death
between the WT and mutant infected groups. Panel C. Mouse lethal dose 50% (LD50’s).
Mice were inoculated with different doses of either the wild type or the mutant viruses and
followed for survival for 14 days. Mice that lost more than 25% of their initial body weight
were considered dead and humanely euthanized accordingly. LD50s were calculated using
the method of Reed and Muench59. The bar graphs represent the LD50 values for both the
WT and mutant viruses.
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