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Nuclear Localization

Joseph Ashour,? Florian I. Schmidt,® Leo Hanke,? Juanjo Cragnolini,® Marco Cavallari,® Arwen Altenburg,® Rebeccah Brewer,?

Jessica Ingram,? Charles Shoemaker,” Hidde L. Ploegh?

Whitehead Institute for Biomedical Research, Cambridge, Massachusetts, USA®; Tufts Cummings School of Veterinary Medicine, North Grafton, Massachusetts, USA®

ABSTRACT

Perturbation of protein-protein interactions relies mostly on genetic approaches or on chemical inhibition. Small RNA viruses,
such as influenza A virus, do not easily lend themselves to the former approach, while chemical inhibition requires that the tar-
get protein be druggable. A lack of tools thus constrains the functional analysis of influenza virus-encoded proteins. We gener-
ated a panel of camelid-derived single-domain antibody fragments (VHHs) against influenza virus nucleoprotein (NP), a viral
protein essential for nuclear trafficking and packaging of the influenza virus genome. We show that these VHHs can target NP in
living cells and perturb NP’s function during infection. Cytosolic expression of NP-specific VHHs (aNP-VHHs) disrupts virus
replication at an early stage of the life cycle. Based on their specificity, these VHHs fall into two distinct groups. Both prevent
nuclear import of the viral ribonucleoprotein (vVRNP) complex without disrupting nuclear import of NP alone. Different stages
of the virus life cycle thus rely on distinct nuclear localization motifs of NP. Their molecular characterization may afford new

means of intervention in the virus life cycle.

IMPORTANCE

Many proteins encoded by RNA viruses are refractory to manipulation due to their essential role in replication. Thus, studying
their function and determining how to disrupt said function through pharmaceutical intervention are difficult. We present a
novel method based on single-domain-antibody technology that permits specific targeting and disruption of an essential influ-
enza virus protein in the absence of genetic manipulation of influenza virus itself. Characterization of such interactions may
help identify new targets for pharmaceutical intervention. This approach can be extended to study proteins encoded by other

viral pathogens.

he replication cycle of influenza A virus (IAV) is complex. The

virus attaches to susceptible host cells via its hemagglutinin
(HA), a homotrimeric type I membrane glycoprotein that recog-
nizes sialoconjugates (1-3). The virus then enters the endocytic
pathway, and upon arrival in acidified late endosomes, the HA
trimer undergoes a conformational transition that renders it fu-
sogenic. The M2 ion channel is responsible for acidification of the
virus lumen, which results in dissociation of the eight viral ribo-
nucleoproteins (VRNPs) (comprised of PB1, PB2, PA, NP, and
genomic RNA) from the M1 protein and release of the vRNPs into
the host cytosol (4-6). These vVRNPs translocate into the nucleus
via one of at least two nuclear localization sequences, NLS1 and
NLS2, in NP (7-11). mRNA generated from vRNP-dependent
synthesis of viral genomic RNA (VRNA) is exported from the nu-
cleus and translated in the cytoplasm. Newly synthesized PB1,
PB2, PA, and NP translocate into the nucleus as monomers (NP
and PB2) or dimers (PB1-PA), where they assemble with newly
synthesized VRNA to yield the vVRNP complex (12, 13). These
VRNP complexes are exported from the nucleus for incorporation
into budding virus particles (14).

In the course of a single replication cycle, influenza virus NP
interacts with viral RNA and with viral proteins, including PB1,
PB2,and M1 (15, 16). Several host proteins also interact with NP,
including importin-a, BAT1, F-actin, and CRM1 (17-20). Map-
ping such interactions and assessing their relevance for virus rep-
lication remains a challenge because of their often-essential role in
the replication cycle. With rare exceptions, the influenza virus
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genome has resisted genetic manipulation, because many such
changes cause a complete loss of a particular function (21-23) and
compromise viral fitness.

The variable domains of heavy-chain-only antibodies (VHHs)
isolated from camelids are small, ~15 kDa, and their ability to
bind their cognate ligand is largely independent of modifications
such as disulfide bonds and glycosylation (24, 25). These proper-
ties allow the VHHs to be expressed in the cytosol of eukaryotic
cells with retention of the antigen binding capabilities. This in
turn permits the specific targeting of host or viral proteins recog-
nized by VHHs, thus enabling possible perturbation of target pro-
tein function (26-32; for a review, see reference 33). VHHs are
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therefore unique tools for analysis of essential proteins encoded by
RNA viruses in living cells.

We generated a VHH library against influenza virus and iso-
lated VHHs specific for NP (aNP-VHHs). Interaction of aNP-
VHHs with NP occurred when both proteins were coexpressed in
the cytosol of mammalian cells. Expression of aNP-VHHs during
infection disrupted the replication cycle at an early stage and pre-
vented nuclear import of vVRNPs. This aNP-VHH-dependent in-
hibition of import was specific for VRNPs, as nuclear import of NP
alone was unperturbed, as was infection with an unrelated patho-
gen, vesicular stomatitis virus (VSV). We conclude that influenza
virus utilizes separate features of structure for import of NP and
VRNPs.

MATERIALS AND METHODS

Antibodies and plasmids. GAPDH-HRP (horseradish peroxidase)-con-
jugated antibody was purchased from Abcam (ab105428). Anti-mCherry
antibody was purchased from Abcam (ab167453). Anti-HA antibody was
purchased from Sigma (HA-7). Protein G-agarose was purchased from
Roche Diagnostics. Nickel-nitrilotriacetic acid (NTA) beads were pur-
chased from Qiagen. FluB1 antibody was purified from FluBI hybridoma
cells using published methods (34). Anti-WSN serum was obtained from
mice immunized with the A/WSN/33 strain of influenza virus. Expression
of NP-HA, NP-GFP (green fluorescent protein), VHH-Ch, and mCherry
constructs were achieved by cloning into pCAGGs. Expression vectors
encoding PB1, PB2, PA, and NP were a kind gift from Adolfo Garcia-
Sastre. Anti-NP antibody was a kind gift from Ari Helenius.

Virus. VSV-GFP was propagated and titrated over Vero cells.
A/WSN/33 strain of influenza virus was propagated and titrated over
MDCK cells. All infections, unless otherwise noted, were performed as
follows: cells were washed in phosphate-buffered saline (PBS) and then
incubated with virus resuspended in PBS (0.2% bovine serum albumin
[BSA]). After 1 h at room temperature, the inoculum was replaced with
Dulbecco’s modified Eagle medium (DMEM) (0.2% BSA), and cells were
shifted to 37°C with 5% CO,.

Cells. Stable integration of mCherry or VHH-Ch constructs in MDCK
cells was achieved by cotransfection of pPCAGGS expressing vectors and a
plasmid expressing the zeocin resistance cassette with subsequent selec-
tion for zeocin resistance. Thereafter, cells were maintained in DMEM
(10% fetal bovine serum [FBS]). A549 cells were cultivated in DMEM
with 10% FBS. A549 cell lines inducibly expressing HA-tagged VHHs
were generated using lentivirus produced with derivatives of pInducer20
(35) and selected in the presence of 500 pg/ml G418.

VHH library generation. To obtain VHHs specific for influenza virus,
two alpacas underwent five rounds of immunization with alcohol-fixed
influenza virus PR8. Peripheral blood cells were collected from both al-
pacas, and total RNA was isolated from each sample using a Qiagen
RNeasy Plus minikit (Qiagen). Purified RNA was then used for cDNA
synthesis using random hexamers, oligo(dT), and primers specific for the
constant region of the alpaca heavy chain gene. cDNA was then used as a
template with primers specific to the VHH region (36). PCR products
from both alpacas were pooled, digested with NotI-HF and AscI (NEB),
gel purified, ligated into a M13 phagemid vector (pJSC), and transformed
via electroporation into TG1 bacteria for phage display-based panning.
Three separate methods of panning were utilized to isolate influenza vi-
rus-specific VHHs. The first method used intact biotinylated HAsrt virus
(37) immobilized on streptavidin beads. The second method utilized re-
combinant influenza virus protein with a C-terminal sortase motif ex-
pressed in 293T cells, biotinylated, and immobilized on streptavidin
beads. A third method utilized a Staphylococcus aureus display platform,
based on a strategy developed for Staphylococcus carnosus (38), which will
be described in detail elsewhere.

Recombinant protein expression and purification. NP from influ-
enza virus A/WSN/33 was cloned with a C-terminal His tag into pET30b -+
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expression vector. Transformed Escherichia coli BL21(DE3) cells were cul-
tured in Terrific Broth at 37°C before the temperature was reduced to
25°C at an optical density at 600 nm (ODyy,) of 0.5. Protein expression
was induced with 1 mM isopropyl-B-p-thiogalactopyranoside (IPTG) at
an ODg, of 0.6, and cells were grown for an additional 3 h. The resulting
pellet was resuspended in 25 mM Tris (pH 7.5), 1 M NaCl, 0.2% NP-40, 10
units/ml Benzonase, and 0.1 mg/ml lysozyme. Cells were lysed by sonica-
tion, and NP was purified on Ni-NTA agarose, cation exchange, and Su-
perdex 200 gel filtration columns.

Recombinant VHHs were cloned with a C-terminal sortase recogni-
tion site (LPETG) followed by a 6 XHis tag into the expression vector
pHENG for periplasmic expression and transformed into E. coli. strain
WKG. Protein expression was induced by addition of 1 mM IPTG at an
ODy, of 0.6, and cells were grown overnight at 30°C. The periplasm
fraction was harvested by osmotic shock, and VHHs were purified by
Ni-NTA affinity and size exclusion chromatography using a Superdex 75
column.

Sortase modification of recombinant proteins. A sortase A pentamu-
tant of S. aureus (5 pM final concentration) and probe (GGG-biotin; 250
mM final concentration) were added to the VHH (30 pM final concen-
tration) in sortase buffer (50 mM Tris [pH 7.5], 150 mM NaCl, 10 mM
CaCl,). The mixture was incubated at 4°C overnight. The His-tagged
sortase and unreacted VHH were removed by being passed over a Ni-NTA
column, and the biotinylated VHH was purified on a Superdex 75 size
exclusion column and analyzed by gel electrophoresis.

Competition assay. Immunoprecipitations for competition assays
were performed with 2 pg of biotinylated VHH bound to streptavidin
magnetic beads (MyOne Dynabeads; Invitrogen) and 7.5 g of recombi-
nant NP. Before addition to the beads, NP was blocked with 50 g of the
individual His-tagged VHHs from the panel of NP-specific (VHH1 to -6)
and control (VHH7 and F8) VHHs. Bound NP was eluted in 0.2 M gly-
cine, pH 2.2, and analyzed by SDS-PAGE and immunoblotting with anti-
His-HRP.

Metabolic labeling and immunoprecipitation. Pulse-chase experi-
ments were performed as described in references 39 and 40. Briefly,
MDCK cells (~1 X 10”/sample) were trypsinized and incubated at 37°C
in starvation medium (methionine/cysteine-free DMEM supplemented
with 10% dialyzed fetal calf serum) for 30 min. Metabolic labeling was
performed at 37°C using starvation medium plus 10 mCi/ml [**S]methio-
nine/cysteine (PerkinElmer). Cell pellets were lysed in NP-40 containing
lysis buffer and precleared with protein G-agarose beads for 1 h at 4°C.
Immunoprecipitations were performed for 1 h at 4°C with gentle agita-
tion. Samples were eluted by boiling in reducing sample buffer, run on
SDS-PAGE, and visualized by autoradiography.

Flow cytometry-based infection assays. To quantify infection by flow
cytometry, MDCK or A549 cells were seeded in 24-well plates 16 or 40 h
before infection (3 X 10* cells/well). A549 cells were treated with 1 pug/ml
doxycycline 24 h before infection to induce VHH expression or left un-
treated. Cells were infected with appropriate amounts of IAV (in 0.2%
BSA-DMEM) or VSV-GFP (in DMEM) to infect ca. 20% of wild-type
cells. At 30 min postinfection, inocula were removed, and cells were cul-
tivated for 5.5 h in DMEM (10% serum). Cells were trypsinized, fixed in
4% formaldehyde—PBS, and stained in the presence of 0.05% saponin
with 1 pg/ml Alexa Fluor (AF) 647-coupled anti-NP VHHI1 or -2 (IAV-
infected cells) and/or mouse anti-HA and goat anti-mouse AF 488/AF 647
(A549-based cell lines), all under permeabilizing conditions. Levels of
infection were normalized to the wild-type (WT) sample (for MDCK
cells) or the noninduced sample (for A549 samples). Fluorescence was
quantified using a BD Biosciences LSRFortessa flow cytometer and the
FlowJo software package.

RESULTS

To generate VHHs specific for influenza virus, we immunized
alpacas with an inactivated preparation of influenza A virus PR8, a
mouse-adapted HINT strain of influenza virus. After five rounds
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FIG 1 VHHs isolated from the influenza virus VHH library are specific for NP. (A) Lysate from **S-labeled MDCK cells infected with influenza virus were
subjected to immunoprecipitation with purified VHH containing a C-terminal 6 XHis tag immobilized on Ni-NTA beads. Samples were analyzed using
SDS-PAGE and autoradiography. Asterisks denote expected mobility for PB2 (upper asterisk) and PB2/PA (lower asterisk). (B) ClustalW-based alignment of
aNP-VHH CDR1, CDR2, and CDR3 amino acid sequences (in red). (C) His-tagged NP was incubated briefly with His-tagged versions of the given VHHs.
Biotinylated «NP-VHH2 immobilized on streptavidin beads was then used to precipitate available NP-His. Precipitated NP-His was run on SDS-PAGE and
visualized by Coomassie staining. (D) His-tagged NP was incubated briefly with His-tagged versions of the given VHHs. Biotinylated aNP-VHH2 (top), VHH4
(middle), and VHH1 (bottom) immobilized on streptavidin beads were then used to pull down NP-His. Precipitated protein was run on SDS-PAGE and detected

via immunoblotting with aHis-HRP antibody.

of immunization, peripheral mononuclear cells were collected.
VHH sequences were amplified from purified RNA and cloned
into an M13 phagemid vector. We used phage display to identify
VHHs that bound virus immobilized on streptavidin beads via
biotinylated HA (37) or recombinant HA-tagged influenza virus
protein immobilized on anti-HA Sepharose beads. After two con-
secutive rounds of phage display and panning, we obtained four
unique VHHs specific for influenza virus. Three additional VHHs
specific for influenza virus were then obtained by selection using
staphylococcal surface expression (38). All seven VHHs were
equipped with a C-terminal sortase motif (41, 42) followed by a
6XHis tag, expressed in bacteria, and purified on a Ni-NTA affin-
ity matrix followed by size exclusion chromatography. To deter-
mine the identity of their corresponding antigen(s), we immobi-
lized the VHHs on Ni-NTA beads and immunoprecipitated the
target antigen from lysates of influenza virus-infected MDCK cells
metabolically labeled with [**S]cysteine/methionine for 2 h. The
presence of HA, NP, M1, PB1, PB2, and PA proteins in the lysate
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was confirmed by immunoprecipitation using serum from influ-
enza virus-infected mice (Fig. 1A, lane 10). As a negative control,
we used anti-major histocompatibility complex class IT (MHCII)
VHH?7, a single-domain antibody that recognizes murine class II
MHC products (43) (Fig. 1A, lane 9), which are absent from the
MDCK lysate. Immunoprecipitation with six of the seven VHHs
isolated from the influenza virus library yielded the influenza virus
NP protein (Fig. 1A, lanes 2 to 7). These VHHs are referred to here
as aNP-VHH]I, -2, -3, -4, -5, and -6. Interestingly, small amounts
of HA coprecipitated with NP in the aNP-VHH3 sample, the
significance of which is not currently known. VHH F8 did not
recover NP by immunoprecipitation (Fig. 1A, lane 8) and was
used as an additional control in subsequent experiments.

To determine whether these «NP-VHHs bind distinct epitopes
on NP, we performed cross-competition assays, as follows. We
tested the ability of biotinylated aNP-VHH2 to retrieve recombi-
nant NP equipped with a C-terminal 6 XHis tag (NP-His) prein-
cubated with an excess of each of the individual VHHs. Recovery
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of VHH2 on streptavidin agarose would occur only if preincuba-
tion of NP with any of the other VHHs failed to occlude the
epitope recognized by VHH2. Material recovered on streptavidin-
agarose was analyzed by SDS-PAGE and Coomassie staining. As
expected, recovery of NP was poor in samples preincubated with
aNP-VHH2 compared to that in an irrelevant control (Fig. 1C,
lanes 2 and 6). We also observed competition upon preincubation
of NP with aNP-VHH3, -4, and -5 (Fig. 1C, lanes 4 to 6), suggest-
ing that these VHHs occlude the epitope recognized by aNP-
VHH2. Preincubation with aNP-VHHI1 and -6 did not affect re-
covery of NP by aNP-VHH2 (Fig. 1C, lanes 1 and 3), indicating
that these two VHHs recognized an epitope(s) distinct from that
recognized by aNP-VHH2.

We next tested biotinylated aNP-VHHI1 and -4 in a similar
assay. Recovery of NP-His was detected by SDS-PAGE and immu-
noblotting using an anti-His antibody. aNP-VHH2-biotin pre-
cipitated NP-His after preincubation with «NP-VHH1 and -6 but
not aNP-VHH2, -4, or -5 (Fig. 1D, top). Coprecipitation of aNP-
VHHI1 and aNP-VHH6 with aNP-VHH2-biotin further con-
firmed their recognition of distinct epitopes. A similar profile was
observed with aNP-VHH4-biotin (Fig. 1D, bottom). In contrast,
retrieval of aNP-VHHI1-biotin-bound material showed recovery
of NP-His from samples preincubated with «NP-VHH?2, -4, -5,
and -6. Neither aNP-VHH1 nor aNP-VHH6 recognized NP in
the presence of aNP-VHHI-biotin, indicating that «NP-VHH1
and -6 compete for the same epitope or similar epitopes. From
these results, we conclude that the «NP-VHHs in our panel com-
prise two groups, aNP-VHH]1 and -6 and aNP-VHH2, -3, -4, and
-5, each of which binds distinct nonoverlapping epitopes on NP.
None of the aNP-VHHs reacted with recombinant NP in immu-
noblots, suggesting that they recognize conformation-sensitive
epitopes.

We next examined the anti-NP VHH panel for intracellular
expression and manipulation of virus replication, in order to
identify regions of NP essential for virus replication. As a first step,
we confirmed that aNP-VHHs interact with NP when expressed
in the cytosol of mammalian cells in the absence of infection. We
cotransfected MDCK cells with expression vectors that encode
enhanced green fluorescent protein (eGFP) fusions of NP (NP-
GFP) and mCherry fusions of aNP-VHHI, -2, or -4 («NP-VHH-
Ch). Since aNP-VHH], -2, and -4 represent both groups of aNP-
VHHs, we omitted aNP-VHH3, -5, and -6 from this experiment
and from the remainder of the study because of their compara-
tively poor expression in the cytosol (data not shown). Coex-
pressed fluorescent fusion proteins were visualized by live-cell
imaging. In the absence of NP expression, mCherry and all VHH-
mCherry fusions were diffusely expressed throughout the cell
(Fig. 2A). In the absence of aNP-VHH expression, NP-GFP fu-
sion protein localized to the nucleus, indicative of the presence of
a functional nuclear localization signal (NLS) (Fig. 2B, top two left
panels). None of the aNP-VHHs tested altered the nuclear local-
ization of NP-GFP (Fig. 2B, lower three left panels). Furthermore,
while VHH F8-mCherry or mCherry alone was observed through-
out the cell, aNP-VHHI and -4 colocalized in the nucleus with
NP-GFP, consistent with a specific interaction of aNP-VHHs
with NP inside the cell (Fig. 2B, panels in middle column).

To confirm this interaction, we transiently expressed aNP-
VHHI1-Ch, -2-Ch, or -4-Ch with C-terminally HA-tagged NP (NP-
HA) in 293T cells. As a negative control, we included aMHCII-
VHH?7 fused to mCherry and VHH F8-mCherry. At 24 h after
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transfection, we metabolically labeled the cells with [*°S]cysteine/
methionine for 20 min and then lysed them in buffer containing
NP-40. We performed immunoprecipitations with anti-mCherry
or anti-HA antibody. Anti-mCherry coimmunoprecipitated NP
only in lysates expressing an aNP-VHH-mCherry fusion protein
(Fig. 2C, top). Furthermore, the reciprocal immunoprecipitation
using anti-HA coimmunoprecipitated only those VHHs specific
for NP (Fig. 2C, bottom). Based on these results, we concluded
that epitope recognition and binding of the aNP-VHHs were re-
tained when expressed in the cytosol.

Having demonstrated the ability of aNP-VHHs to interact
with NP in living cells, we wondered whether aNP-VHHs can
target and disrupt influenza virus replication. We generated
MDCK cells that stably express aNP-VHH-mCherry and mea-
sured virus replication using two independent methods. To quan-
tify infection and expression of aNP-VHHs by flow cytometry,
MDCK cell lines were infected for 6 h, then stained for NP protein
using Alexa Fluor 647-labeled aNP-VHH1, and examined by flow
cytometry. MDCK cells that express aNP-VHH], -2, and -4 sup-
ported influenza virus replication far worse than wild-type (wt)
MDCK cells or cell lines that express only mCherry or VHH F8-
mCherry (Fig. 2D).

We next infected wt MDCK cells or cells expressing aNP-
VHHs with influenza virus at a multiplicity (MOI) of 1.0. Two
hours postinfection, cells were pulsed with [**S]cysteine/methio-
nine for 10 min and then lysed in buffer containing NP-40. Viral
antigens were immunoprecipitated from the lysates using a mix-
ture of anti-WSN polyclonal mouse serum and a mouse mono-
clonal antibody (FluBI) which recognizes HA (44). Infection, as
measured by the amount of newly synthesized NP, HA, and M1,
was robust in wt cells and in cells that expressed mCherry or VHH
F8-mCherry (Fig. 2E, lanes 2, 3, and 7). In contrast, cells that
expressed aNP-VHH], -2, and -4 produced substantially less viral
antigen, indicating that infection was disrupted in these cells (Fig.
2E, lanes 4, 5, and 6).

To rule out the possibility that inhibition was cell type specific
or dependent on the relatively large mCherry fusion, we used len-
tiviral transduction to generate A549 cell lines with doxycycline-
inducible expression of aNP-VHHs. Instead of mCherry, the
doxycycline-inducible aNP-VHHs carry a C-terminal HA epitope
tag. As an additional negative control for these experiments, we
included cells that express aHA-VHHG68 (44). Infection with in-
fluenza virus was assessed by flow cytometry as described above.
Infection proceeded normally in the absence of aNP-VHH ex-
pression (no doxycycline) but was essentially blocked in doxycy-
cline-induced cells (Fig. 2F). To demonstrate the selectivity of the
aNP-VHHs for influenza virus, we challenged the MDCK and
A549 cell lines with a strain of vesicular stomatitis virus (VSV) that
expresses eGFP (VSV-GFP) (45) and quantified infection by flow
cytometry using the GFP signal as a proxy for infection. No dif-
ference in infection with VSV was observed in cell lines induced
for expression of aNP-VHHs compared to uninduced cells (Fig.
2D and F). The inhibition of infection imposed by aNP-VHHs
observed in influenza virus-challenged cells was therefore specific
for influenza virus and not a virus-independent feature of the
infected state.

In the course of infection, NP engages in a number of interac-
tions with host proteins and viral components (46). Binding of
aNP-VHHs to NP could disrupt any one of them to account for
the observed inhibition of virus replication. To explore how the
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FIG 2 aNP-VHH-Ch and NP-GFP colocalize in the nucleus of transfected MDCK cells. (A) Plasmids expressing «NP-VHH-Ch were transfected into MDCK cells. At
24 posttransfection, cells were fixed and permeabilized with saponin. DNA was stained with Hoechst, and cells were imaged via confocal microscopy. (B) Plasmids
expressing aNP-VHH-Ch and NP-GFP were cotransfected into MDCK cells. At 24 h posttransfection, cells were imaged using live confocal microscopy. (C) NP and
aNP-VHH-Ch interact in the cytosol. 293T cells were transfected with expression plasmids for «NP-VHH-Ch and NP-HA. At 24 posttransfection, cells were metabol-
ically labeled with [**S]cysteine/methionine for 20 min and subsequently lysed in NP-40-containing lysis buffer. The lysate was split into two samples and subjected to
immunoprecipitation using antibodies against HA or mCherry. Samples were analyzed via SDS-PAGE and autoradiography. (D) aNP-VHH-Ch expression in the
cytosol specifically inhibits influenza virus replication. MDCK cells constitutively expressing «NP-VHH-Ch were challenged with influenza virus or VSV-GFP. At 6 h
postinfection, cells were fixed, and IAV-infected cells were stained with Alexa Fluor (AF) 647-coupled aNP-VHH1 under permeabilizing conditions. Levels of infection
were quantified by flow cytometry and normalized to that in the WT sample. Means and standard errors of the means (SEM) from three independent experiments are
shown. (E) Expression of aNP-VHH-Ch in MDCK cells results in decreased influenza virus expression upon virus challenge. MDCK cells stably expressing VHH-Ch
were challenged with influenza virus (MOI, 1.0). Two hours postinfection, cells were metabolically labeled with [**S]methionine for 20 min. Cells were lysed in
NP-40-containing lysis buffer, and the lysate was subsequently probed with WSN serum and FluB1 antibody. Samples were analyzed by SDS-PAGE and autoradiogra-
phy. (F) aNP-VHH-mediated inhibition is independent of cell type or mCherry fusion. A549 cells inducibly expressing aNP-VHH-HA were treated with 1 pg/ml
doxycycline for 24 h or left untreated. Cells were subsequently challenged with influenza virus or VSV-GFP. At 6 h postinfection, cells were fixed, and IAV-infected cells
were stained with AF 647-coupled a-NP-VHHI. Levels of infection were quantified by flow cytometry, and infections obtained in induced samples were normalized to
their uninduced counterpart. Means and SEM from three independent experiments are shown.

aNP-VHHSs block virus replication, we established a mini-ge-
nome assay in 293T cells. In this assay, replication and transcrip-
tion of a model vVRNA segment are dependent on NP expression,
nuclear import, and association with RNA and the polymerase
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complex. Cells were transfected with expression plasmids for NP,
PBI, PB2, and PA. The model vRNA segment encoding an HA-
tagged version of influenza virus NA was transcribed from a
cotransfected plasmid. Nuclear localization of aNP-VHH-Ch
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FIG 3 aNP-VHH?2 and -4 do not influence NP activity in a mini-genome assay.
293T cells were transfected with plasmids expressing influenza virus PB1, PB2, PA,
NP, and VHH-Ch and a plasmid transcribing a model genome segment encoding
neuraminidase with a sortag motif inserted at the C terminus (NAsrt) (under the
control of the pPoll promoter). At 24 h posttransfection, cells were lysed in NP-
40-containing lysis buffer. Samples were analyzed via Western blotting using an-
tibody against the HA epitope, NP, mCherry, and GAPDH.

(and by extension the NP ligand) was confirmed by confocal mi-
croscopy (data not shown). At 24 h after transfection, cells were
lysed and NA protein levels were measured by SDS-PAGE and
immunoblot analysis. Coexpression of neither VHH F8 nor
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Cytosolic VHHs Disrupt Influenza NP during Replication

aMHCII VHH?7 fused to mCherry inhibited expression of NA in
the mini-genome assay (Fig. 3, lanes 6 and 7). For the three aNP-
VHHs tested, only aNP-VHHI1 inhibited NA protein expression,
whereas aNP-VHH?2 and -4 were inactive (Fig. 3, lanes 3, 4, and
5). We thus conclude that expression of «NP-VHH1 inhibits ge-
nome replication, whereas aNP-VHH?2 and -4 must block infec-
tion at a step upstream from replication.

We next assayed nuclear import of vVRNPs in MDCK cells that
express aNP-VHHs and challenged these cells with a high dose of
influenza virus. We included the translation inhibitor cyclohexi-
mide to ensure that all NP (used here as a proxy for vRNPs) was
derived from the input virus and not from newly synthesized pro-
tein. After 4 h of infection, cells were fixed and stained for NP to
determine the extent of vRNP nuclear import. In wt cells and in
cells expressing mCherry or VHH F8, input NP protein islocalized
predominantly in the nucleus (Fig. 4). In contrast, in cells that
express aNP-VHH], -2, and -4, the NP signal was mostly absent
from the nucleus, indicating that nuclear import of the vVRNPs was
restricted. Thus, aNP-VHHI1 interferes with replication in the
mini-genome assay and with nuclear import, whereas aNP-
VHH2 and -4 affect only nuclear import. Consequently, the seg-
ments of NP recognized by aNP-VHH1 and by aNP-VHH?2 and

Hoechst

omposite

FIG 4 aNP-VHH-Ch inhibits nuclear import of the incoming vRNP complex. MDCK cells stably expressing VHH-Ch were infected with influenza virus (MO],
500) in the presence of cycloheximide. Four hours after infection, cells were fixed and permeabilized with 4% paraformaldehyde and 0.5% NP-40. Staining was
performed with Hoechst (blue) and anti-NP (green) before visualization by confocal microscopy.
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-4 not only are distinct epitopes but also participate in different
aspects of its function in the course of infection.

DISCUSSION

We exploited the unique properties of single-domain antibodies
that target influenza virus NP in the cytosol of influenza virus-
infected cells and studied their impact on influenza virus replica-
tion. The aNP-VHHs expressed in this fashion interacted with
influenza virus NP in intact cells, consistent with the fact that
epitope recognition is independent of lumen-associated post-
translational modifications of the VHHs, such as glycosylation
and disulfide bond formation (modifications not present in the
bacterial system used for phage display). Interactions between
aNP-VHHs and NP in the course of infection disrupted influenza
virus replication at an early step. The primary mechanism by
which this occurs is a halt in nuclear import of the incoming
VRNPs. The aNP-VHHI1 recognizes an epitope distinct from that
recognized by aNP-VHH?2 and -4 and had an additional inhibi-
tory activity at the level of genome replication. None of the aNP-
VHHs tested interfered with nuclear localization of NP when it
was expressed on its own. Thus, we conclude that the inhibitory
activity of aNP-VHHs results from interference with the nuclear
import pathway utilized specifically by influenza virus vRNPs and
not by NP alone, consistent with separate functions for the two
nuclear localization signals identified for NP (7, 47).

Analysis of the NLS motifs in NP has resisted identification of
separable functions for these motifs in the course of infection. The
complexity of interactions of NP with host and viral proteins and
the lack of tools available to analyze essential gene function have
surely contributed to this state of affairs (8-10, 48). Mutational
inactivation of either or both motifs failed to inhibit nuclear im-
port of NP when it was expressed alone, leading to the suggestion
that the protein contains a third NLS (48). Likewise, import of
purified vRNPs in a digitonin-permeabilized cell system was par-
tially inhibited by preincubation with conventional antibodies
specific for NLS1 and NLS2 (49). In the latter case, nuclear import
was assessed by immunocytochemistry with an anti-NP antibody,
and vRNP-independent import of NP may have confounded these
results. Our panel of aNP-VHHs allowed us to perturb nuclear
import of vRNPs in living cells. This critical step in the virus life
cycle could thus be analyzed under physiological conditions, i.e.,
during an infection.

Could an influenza virus-infected cell avoid nuclear reimport
of VRNPs recently exported from the nucleus and destined for
incorporation into budding virions? In a similar vein, what deter-
mines nuclear import of incoming vRNPs? Our data, along with
the model proposed by Wu and Pante (47), suggest that direction-
ality of transport for vRNPs may be accomplished by regulating
access to NLS1 and NLS2 sites on NP. Thus, RNA-associated NP,
as found on the incoming vRNPs, might be available for the nu-
clear import machinery via NLS2, while NLS1 remains masked in
vRNPs. An additional modification(s) to NP would have to occur
to prevent reimport of newly exported vVRNPs via NLS2 in the
course of infection. How this occurs is unclear but likely involves
interactions with influenza virus M1 and nuclear export protein
(NEP) (50). Further manipulation of this pathway using the aNP-
VHHs in hand should improve our understanding of the virus life
cycle. For example, cocrystallization studies of aNP-VHHs and
NP should allow the molecular identification of the precise re-
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gions of NP recognized by aNP-VHHs and thus the features of
structure of NP essential for vVRNP import.

Nuclear import is an essential step that must occur at least
twice during the life cycle of the virus: once during nuclear entry of
VRNPs, so that the incoming virus can establish a foothold, and
then to enable assembly of newly replicated RNA with newly syn-
thesized NP in the course of producing progeny virions. Given the
essential nature of these steps and the relatively conserved nature
of NP across different strains of influenza virus, nuclear import
may be a promising target for development of broad-spectrum
antivirals. A recent screen for small molecules capable of inhibit-
ing influenza virus replication identified nucleozin as a potent
inhibitor of NP nuclear import (51). Nucleozin treatment does
not specifically affect nuclear import of vRNPs, indicating that it
must target an aspect of NP function different from that blocked
by our aNP-VHHs.

A detailed examination of the function of influenza virus NP
protein in replication beyond its identification as an essential pro-
tein has been challenging. Excepting some temperature-sensitive
influenza virus strains, efforts to generate viable influenza virus
with mutant versions of NP displaying complete loss of function
in, for example, nuclear import or nuclear localization have so far
proven unsuccessful (7, 52, 53). In addition, only a few small mol-
ecules to date have been identified that targets NP function (51,
54-58). The use of intracellularly expressed single-domain anti-
bodies represents an alternative for studying the function of es-
sential proteins encoded by RNA viruses. The specificity of VHHs
and their high affinity and ease of expression in both prokaryotic
and eukaryotic cells, paired with their suitability as crystallization
chaperones (59), make them attractive tools to unlock aspects of
the influenza virus life cycle that have been difficult to access by
other means.
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