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Cytosolic Nipah Virus Inclusion
Bodies Recruit Proteins Without
Using Canonical Aggresome
Pathways

Nico Becker, Anja Heiner and Andrea Maisner*

Institute of Virology, Philipps University Marburg, Marburg, Germany

Nipah virus (NiV) is a BSL-4 classified zoonotic paramyxovirus that causes respiratory or
encephalitic diseases. A hallmark of NiV infections, as with all cell infections caused by
non-segmented negative-strand RNA viruses, is the formation of cytoplasmic inclusion
bodies (IBs). We previously showed that cytosolic NiV IBs, which are formed in infected
cells or in cells minimally expressing the NiV nucleocapsid proteins, are associated
with the microtubule-organizing center (MTOC) marker y-tubulin. They also recruit
overexpressed cytosolic proteins that are not functionally required for viral replication
in IBs and that otherwise might form toxic protein aggregates. Therefore, NiV IBs
are thought to share some functional properties with cellular aggresomes. The fact
that aggresomes were not found in NiV-infected cells supports the idea that NiV
IBs are successfully reducing the proteotoxic stress in infected cells. Only if the
proteasome-ubiquitin system is artificially blocked by inhibitors, cellular aggresomes
are formed in addition to IBs, but without colocalizing. Although both structures were
positive for the classical aggresome markers histone deacetylase 6 (HDAC6) and
Bel-2-associated athanogene 3 (BAGS), they clearly differed in their cellular protein
compositions and recruited overexpressed proteins to different extents. The further
finding that inhibition of aggresome pathways by HDAC6 or microtubule (MT) inhibitors
did neither interfere with IB formation nor with protein sequestration, strengthens the
idea that cytosolic NiV IBs can assume some aggresome-like functions without involving
active transport processes and canonical cellular aggresome pathways.

Keywords: Nipah virus, inclusions, aggresomes, HDAC6, BAG3, microtubules

INTRODUCTION

Nipah virus (NiV) is a biosafety-level 4 (BSL-4) classified paramyxovirus that causes severe
respiratory or encephalitic diseases in pigs and humans (1). The natural reservoir of NiV are
Southeast Asian fruit bats, from which the virus is sporadically transmitted to humans, either by
direct spillover (NiV-Bangladesh) or via pigs as intermediate hosts (NiV-Malaysia) (1-4). NiV is
listed on the Blueprint list of priority pathogens by the World Health Organization, because the
zoonotic infection causes highly lethal human disease that can also be transmitted from human to
human and for which there is no approved therapeutic treatment available (5).

NiV, a member of the henipavirus genus within the family Paramyxoviridae, is an enveloped
virus with a single-stranded negative-sense RNA genome, which encodes for six structural proteins.
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The two NiV surface glycoproteins, the receptor-binding G
protein and the fusion protein (F), are required for virus entry
into cells and support the spread of NiV in infected cells by cell-
cell fusion or syncytia formation (6). In virus particles or infected
cells, the viral RNA is encapsidated by the nucleocapsid protein
(N), the phosphoprotein (P), and the large viral polymerase (L),
which together form the so-called ribonucleoprotein complex
(RNP). The NiV matrix protein (M) is located at the inner side
of the viral envelope and is associated with the inner leaflet of the
plasma membrane in infected cells (7). The M protein links the
RNP to the NiV surface glycoproteins and is absolutely essential
for the assembly and release of infectious NiV particles (8-10).

As a virus with a non-segmented negative-strand RNA
genome, NiV belongs to the order Mononegavirales (MNV),
whose members are characterized by inducing the formation of
cytoplasmic inclusion bodies (IBs) in infected cells. These IBs are
often referred to as viral factories, as they concentrate all viral
nucleocapsid components and have been shown to be the main
site of viral mRNA synthesis and genome replication in many
MNYV infections (11). In addition to viral proteins, IBs contain a
variety of host cell proteins that bind either directly or indirectly
to viral components. However, for most of these host proteins,
the functional role in IBs is unknown (11).

The current concept describes IBs in MNV infections
as proteinaceous, membrane-less compartments, which share
common properties with liquid organelles or biomolecular
condensates. As these, IBs represent dynamic and mobile
structures which are regulated by liquid-liquid phase separation
and can fuse and segregate (11, 12). Also similar to cellular liquid
organelle compartments, IBs are generally heterogeneous in sizes
and concentrate specific viral and cellular proteins, while others
are excluded. In infected cells, MNV IBs contain viral RNAs aside
of proteins. In cotransfection systems, which can recapitulate the
basic properties of IBs formed in infected cells, cellular RNAs are
found in IBs. In case of NiV, the minimal requirement for the
formation of cytosolic IBs is the coexpression of two nucleocapsid
proteins; the nucleoprotein (NiV N) and the phosphoprotein
(NiV P), which form small RNP-like structures with cellular
RNAs (13, 14).

Although NiV forms typical cytosolic IBs, it differs from
other MNVs by additionally forming a second, independent
IB population in close association with the plasma membrane
(14). These so-called IB-PM likely represent platforms for NiV
assembly and depend on functional NiV matrix protein at
the plasma membrane. If NiV M is completely lacking or
assembly defective, only cytosolic IBs and no IB-PM are formed.
Consequently, NiV particle formation and release is drastically
impaired, although intracellular virus RNA and protein synthesis
is ongoing in infected cells (14, 15). Thus, IB-PM substantially
differ from the cytosolic IBs by their strict association with the
plasma membrane and, importantly, by containing the viral M
protein, which is neither required for formation nor present in
cytosolic NiV IBs (14) (Figure 1).

A viral infection is always a stressor for the host cell, and
massive overproduction of viral proteins is one of the factors.
To rapidly produce the required high levels of viral proteins,
viruses hijack the cellular machinery and potentially saturate the
particular folding pathways required for their maturation (16).

Therefore, infection can lead to macromolecular crowding and
proteotoxic stress that can overwhelm the cellular capacity of
protein refolding by chaperones and the ubiquitin-proteasome
degradation system (17-19). As a consequence, misfolded viral
or cellular proteins adopting non-native conformations can form
microaggregates in the cytoplasm, which if not degraded or
sequestered, can be cytotoxic and interfere with productive
virus replication. Proteotoxic stress can be restricted by forming
juxtanuclear aggresomes around the microtubule organizing
center (MTOC). Polyubiquitinated proteins are linked to histone
deacetylase 6 (HDACS6), which harbors both an ubiquitin and
dynein binding domain, and acts as an adaptor for the retrograde
transport of ubiquitinated misfolded proteins along microtubules
(MTs) (20). Microaggregates formed in the peripheral cytoplasm
can also be actively transported to juxtanuclear aggresomes
via an ubiquitin-independent pathway. This is mediated by
the co-chaperone Bcl-2-associated athanogene 3 (BAG3), which
can directly transfer misfolded protein substrates bound to
heat-shock protein 70 (Hsp70) to the MT motor dynein
(21). Aggresomes thus serve as a cytoplasmic recruitment
center to deposit misfolded or overexpressed proteins. If
proteotoxic stress goes on and protein aggregates sequestered to
aggresomes cannot be refolded or degraded by the sequestered
proteasome components, aggresomes are finally cleared by
autophagic processes.

While aggresomes are induced or even adopted for replication
by some, mostly DNA viruses (22-24), aggresome formation
is not described in MNV infections, suggesting that these
have evolved other mechanisms to interfere with aggresome
formation or limit proteotoxic stress. One of those mechanisms
might be the formation of cytosolic IBs, which aside of
accumulating abundantly expressed viral proteins required
for virus replication, can additionally sequester non-essential
proteins, thereby exerting some aggresome-like function. This
idea is based on our previous observation, that cytosolic NiV
IBs were associated with the MTOC and aggresome marker
y-tubulin, and did not only concentrate viral nucleocapsid
proteins but also sequestered unrelated cytosolic proteins such
as mCherry (Figure 2) (14). Aside of unrelated proteins, some
defective NiV proteins could also be sequestered to cytosolic NiV
IBs. For example, a mutant NiV matrix protein that accumulates
to large amounts in the nucleus (MNgsmut) was found in cytosolic
IBs, limiting nuclear accumulation of this non-functional M
protein in infected cells (15). In view of their ability to sequester
potentially proteotoxic proteins, cytosolic NiV IBs were assumed
to share some functional properties with cellular aggresomes.
However, it is yet unclear, whether canonical cellular aggresome
pathways are involved. To address this question, this study aims
to determine if cytosolic NiV-IBs hijack aggresome components
and to what extent the aggresome formation machinery is
required to form IBs or to sequester non-essential overabundant
proteins from the cytosolic periphery.

RESULTS

Aggresome Formation in NiV-Infected Cells
To first clarify whether the rapid and high expression of viral
proteins in NiV infection triggers aggresome formation, we
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FIGURE 1 | NiV induces the formation of two different inclusion body populations. (A) Vero76 cells were infected with NiV at an MOI of 0.05. 24 h p.i. cells
were fixed with 4% PFA for 48 h and stained with a NiV N antiserum to visualize IBs (green) and with a Zenon-labeled M-specific antiserum to detect the M protein
(red). Nuclei were counterstained with DAPI (blue). Images were recorded with a Leica SP5 confocal laser scanning microscope. Scale bar, 10 um. The magnified
areas in the lower panel display the two different IB types and also show the single channel greyscale images of the labeled proteins. (B) Simplified model of the two
different inclusion body populations and their protein composition in NiV infected cells.

NiV N/P
no NiV M

labeled proteins.

FIGURE 2 | Cytosolic IBs formed by NiV N and P proteins contain y-tubulin and sequester mCherry. (A) Vero76 cells were transfected with plasmids
encoding NiV N and NiV PeGFP. 24 h p.t. cells were fixed with 4% PFA and permeabilized with methanol/acetone. The MTOC component and aggresome marker
y-tubulin was labeled with an anti-y-tubulin antibody (red). IBs were detected by eGFP autofluorescence (green). (B) Cells were transfected with plasmids encoding
NiV N, NiV PeGFP and mCherry. Cells were fixed with 4% PFA at 24 h p.t. and IBs (green) and mCherry (red) were detected by autofluorescence. Nuclei were
counterstained with DAPI (blue). Scale bars, 10 um. The magnified area in the right panel highlights the IBs and also shows the single channel greyscale images of the

infected Vero76 cells with NiV at a multiplicity of infection
(MOI) of 0.05 for 24h. To detect aggresomes, cells were
stained for p62, which is one of the scaffold proteins and a
typical marker of cellular aggresomes (Supplementary Figure 1).
Immunostaining of the NiV N protein in NiV-infected cells
was used to visualize NiV IBs. As expected, NiV infection
resulted in the formation of large syncytia, in which multiple IBs
in perinuclear and peripheral regions were found (Figure 3A).
Infection apparently did not trigger aggresome formation,
as p62 was detected only dispersed in the cytoplasm and
neither colocalized with IBs nor accumulated independently
in the perinuclear region, where aggresome formation is
normally observed. The absence of aggresomes in NiV-infected
cells at such late time points of infection supports the
idea that NiV has evolved alternative mechanisms to limit
proteotoxic stress or inhibits aggresome pathways, thereby
actively preventing aggresome formation. To test the latter,
we treated infected cells with the proteasome inhibitor
bortezomib, a FDA-approved drug for treating multiple myeloma

(25), known to induce aggresome formation. As shown in
Figure 3B, bortezomib elicited the formation of juxtanuclear
aggresomes with characteristic immunoreactivity for p62 equally
in uninfected and infected cells (Figure 3B). In NiV-positive
cells, aggresomes neither colocalized with IBs nor blocked IB
formation per se, demonstrating that the two structures can
form independently and simultaneously in the same cell (boxed
regions in Figures 3B,C). Since aggresomes are only formed
in infected cells when the proteasome is artificially inhibited,
proteotoxic stress appears to be limited, despite the strong
expression of viral proteins. This fits with the idea that IBs can
take over some aggresomal functions by sequestering a large
fraction of cytosolic NiV proteins.

Aggresomal Marker Proteins in NiV
Inclusions

The aggresomal scaffold protein p62 was only detected in
aggresomes but not in IBs, which raised the question to what
extent IBs and aggresomes differ in their protein composition.
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FIGURE 3 | Aggresome formation in NiV-infected cells. Vero76 cells were
infected with NiV at an MOI of 0.05 in the absence (A) or presence of 50 nM
bortezomib (B). At 24 h p.i. cells were fixed with 4% PFA for 10 min and
permeabilized with methanol/acetone. The aggresome marker p62 was
labeled with a specific antibody (red). Then, cells were fixed with 4% PFA for
further 48 h. After removal from the BSL-4 lab, cells were stained with a NivV N
antiserum to visualize IBs (green). Nuclei were counterstained with DAPI (blue).
Scale bars, 10 um. (C) Enlarged views of the areas marked by the white boxes
in (B). The histograms in the right panel show the fluorescence intensity profile
of the respective colors along the dotted line through an aggresome and an I1B.

We therefore performed colocalization studies of diverse marker
proteins found in cellular aggresomes (Supplementary Figure 1)
and cytosolic IBs in either NiV-infected or NiV N and
P coexpressing cells, which is the minimal and sufficient
requirement for cytosolic IB formation (14).

IBs neither in NiV-infected cells nor in N/P-coexpressing cells
did contain p62 (Figures 4A,B, top panels). We detected neither
the proteasomal 26S subunit nor poly-ubiquitin, indicating that
the proteasome-ubiquitin machinery is not recruited to IBs.
In line with our previous report (14), IBs had no vimentin
cage. So, the protein composition of IBs clearly differed
from that of cellular aggresomes (Supplementary Figure 1).
However, we detected the important aggresomal marker proteins,
HDACS6 and Hsp70/BAG3 (Figures 4C,D). The fact that HDAC6
and Hsp70/BAG3 are involved in the MT-driven ubiquitin-
dependent and ubiquitin-independent aggresomal transport
pathways, together with our observation that NiV IBs contain the
MTOC marker y-tubulin (14), may indicate a functional role of
aggresomal transport pathways for IB formation.

Influence of HDACG6 and MT Inhibitors on

IB Formation and NiV Replication
The detection of HDAC6 and BAGS3 raised the question whether
NiV exploits aggresomal pathways to either form IBs, or to

support functional virus replication. To address this, we first
tested the effect of tubacin, a highly potent and cell-permeable
HDACE6 inhibitor, recently shown to affect replication of some
RNA viruses (26, 27). Tubacin blocks the major enzymatic
function of HDAC6, which is the deacetylation of diverse cellular
proteins, including a-tubulin thereby regulating MT stability and
MT-dependent intracellular trafficking. The immunostaining
and western blot analyses shown in Figures 5A,B clearly show
that tubacin treatment of Vero76 cells for 24h increased the
cellular content of acetylated tubulin as a result of HDAC6
inhibition. Also in NiV-infected cell cultures, the amount
of actetylated tubulin was increased in tubacin-treated cells
compared to DMSO-treated cells (Figure 5C). However, virus
replication was not affected (Figure 5D). Although tubacin has
been added to the infected cells directly after virus adsorption
and was therefore present from the earliest replication steps on,
numerous IBs were formed and spread of infection via cell-
cell fusion and syncytia formation was undisturbed, indicating
a productive viral protein synthesis (Figure 5C). In line with
that, viral titers in the supernatants of tubacin-treated cells were
not significantly reduced (Figure 5D). It thus can be concluded
that the enzymatic function of HDACE is neither required for IB
formation nor NiV replication. This however, does not exclude
the possibility that HDACEG is required as an adaptor protein for
delivering IB components. HDAC6- and Hsp70/BAG3-mediated
active transport processes along MTs that deliver proteins to
aggresomes can be prevented by nocodazole, a MT-interrupting
inhibitor (20). To address whether such active MT-dependent
transport processes might be required for IB formation or
viral replication, NiV-infected cells were treated with 250 nM
nocodazole, a concentration that destroyed MTs in Vero76 cells
(Figure 6A) and prevented MT-dependent cellular aggresome
formation with minimal cytotoxicity (Supplementary Figure 2).
Despite MT disruption in NiV-infected cells, virus replication
was basically unaffected. IBs were formed (Figure 6B) and
viral titers in the supernatants were not significantly reduced
(Figure 6C). This led us to conclude, that although IBs contain
HDAC6 and Hsp70/BAG3, inhibition of the MT-dependent
aggresome pathways had no impact on IB formation or
viral replication.

Sequestration of Overexpressed Proteins
to IBs and Aggresomes

Despite the differences in marker protein compositions, IBs
and aggresomes can both sequester overexpressed proteins
that might otherwise accumulate widely distributed all over
the cytosol. To evaluate the similarities or differences of
IBs and aggresomes with regard to their capacity to recruit
proteins from the cytosol, we compared their ability to
sequester overexpressed cytosolic proteins using three model
“guest” proteins. We analyzed soluble mCherry, we already
know is recruited to IBs and two functionally defective
NiV M proteins, which have not yet been tested for their
recruitment to IBs. One of them is a mCherry-tagged NiV
M (mCh-NiV M), which is assembly defective because it
cannot interact with NiV N proteins and nucleocapsids, but
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A NiV infection B N + PeGFP coexpression

FIGURE 4 | Colocalization of IBs and aggresome markers. (A,C) Vero76 cells were infected with NiV at an MOI of 0.05. (B,D) Vero76 cells were transfected with
plasmids encoding NiV N and NiV PeGFP. 24 h later, infected or transfected cells were fixed with 4% PFA and permeabilized with Triton X-100. The indicated
endogenous marker proteins were labeled with specific antibodies (red). IBs (green) were detected by a NiV N antiserum (A,C) or eGFP autofluorescence (B,D). Nuclei
were counterstained with DAPI (blue). Only merged images are shown. The boxed areas are displayed in a higher magnification together with the single channel
greyscale images. Scale bars, 10 um.

undergoes a nuclear transit and is then transported to the  signal and is unable to undergo nuclear transit (8). MNLsmut
plasma membrane like wildtype NiV M (14). The second M therefore accumulates in the cytoplasm without reaching the
protein is NiV MNrsmut> Which has a defective nuclear import  plasma membrane.
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FIGURE 5 | Influence of HDAC6 inhibition on IB formation and NiV replication. (A) Vero76 cells were treated with 10 LM of the HDACS inhibitor tubacin. After
24 h, the cells were fixed with 4% PFA and permeabilized with Triton X-100. Acetylated tubulin (acTub) was detected with specific antibodies and visualized with a
pseudocolor-LUT to show differences in fluorescence signal intensity. (B) Vero76 cells treated with 10 uM tubacin for 24 h, were harvested, lysed and subjected to
SDS-PAGE and Western blot analysis. Acetylated tubulin and the housekeeping protein actin were detected with specific primary antibodies and subsequent labeling
with biotinylated secondary antibodies and Streptavidin-HRP. Chemiluminescence signal was detected using a ChemiDoc Imager (BioRad). (C) Vero76 cells were
infected with NiV at an MOI of 0.05 and treated with 10 wM tubacin or DMSO. 24 h p.i. cells were fixed with 4% PFA for 10 min and permeabilized with Triton X-100.
Acetylated tubulin was labeled with specific antibodies (red). Subsequently the cells were fixed for 48 h with 4% PFA to remove them from the BSL-4 lab. Then, cells
were stained with a NiV N antiserum to visualize IBs (green). Nuclei were counterstained with DAPI (blue). Scale bars, 10 um. (D) Vero76 cells were infected with NiV at
an MOI of 1 and treated with 10 wM tubacin. 24 h p.i. supernatants were harvested and viral titers were determined by a TCID50 assay. Error bars indicate standard

deviation (SD); n.s., not significant.

As shown in Figure 7A, soluble mCherry but not mCherry-
tagged NiV M accumulated in IBs. Vice versa, mCh-NiV M
but not mCherry was sequestered to aggresomes (Figure 7B).
MnNismut Was found in IBs and aggresomes (Figures7A,B,
bottom panels). Thus, only one of the three model proteins was
sequestered to both structures.

To determine if recruitment of the two “guest” proteins
to IBs depends on HDAC6- or BAG3-dependent transport
pathways, we assessed the sequestration mCherry and Mnrsmut
to IBs in the presence of tubacin or nocodazole. As shown
in Figure 8, none of the inhibitors affected the sequestration
to IBs. These findings clearly demonstrate that IBs not only
differ structurally from aggresomes by containing only some of
the major aggresomal marker proteins, but also have different
“guest” protein specificities and recruit those without using active
MT-dependent transport pathways.

DISCUSSION

A substantial number of proteins have been identified in viral
IBs of MNV-infected cells (11). However, the exact role of these
associations as well as the underlying sequestration mechanisms
are poorly understood and are most likely specific for the

individual viruses in the MNV order. Here we show that cytosolic
NiV IBs and cellular aggresomes share similar intracellular
locations (perinuclear), some components (y-tubulin, HDACS,
BAG3) and can partially sequester the same cytosolic, potentially
proteotoxic proteins, such as the transport-defective NiV
MNLsmut- Although this suggests functional similarities, NiV IBs
and aggresomes differ in many important characteristics. Neither
inhibition of proteasomes, nor HDACS6 inhibitors, nor disruption
of MTs had a positive or negative effect on IB formation
or sequestration of proteins into IBs. Thus, the canonical
transport pathways of aggresomes (MT-dependent HDAC6 and
BAG3 pathways) are not required for protein accumulation
in NiV IBs. In line with the differences in their formation
and protein sequestration pathways, IBs did not concentrate
polyubiquitinated proteins and did not contain the aggresomal
marker proteins of the proteasome-ubiquitin machinery, p62
or 26S.

IBs Adopt Functional Properties of
Aggresomes

Supporting the idea that IBs and aggresomes are different but
possibly complementary compartments, aggresomes induced by
bortezomib treatment can form in NiV infected cells, but did
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FIGURE 6 | Influence of MT disruption on IB formation and NiV replication. (A) Vero76 cells were treated with 250 nM of nocodazole. After 18 h the cells were
fixed with 4% PFA and permeabilized with Triton X-100. a-tubulin was detected with specific antibodies (red). (B) Vero76 cells were infected with NiV at an MOI of 0.05
and treated with 250 nM nocodazole. 18 h p.i. cells were fixed with 4% PFA for 10 min and permeabilized with Triton X-100. a-tubulin was labeled with specific
antibodies (red). Cell were fixed with 4% PFA for 48 h and stained with a NiV N antiserum to visualize IBs (green). Nuclei were counterstained with DAPI (blue). Scale
bars, 10 um. (C) Vero76 cells were infected with NiV at an MOI of 1 and treated with 250 nM nocodazole. 18 h p.i. supernatants were harvested and viral titers were

determined. Error bars indicate standard deviation (SD); n.s., not significant.

not colocalize with IBs or affected IB formation in any way.
The further finding that aggresomes, although they can be
artificially induced, are not formed at any time during NiV
infection supports the idea that proteotoxic stress caused by
an excess of de novo synthesized cytosolic viral proteins is
prevented by the concentration of these proteins in IBs. On
top of concentrating viral nucleocapsid proteins needed for NiV
replication, IBs might help to limit cellular stress responses by
sequestering overexpressed (guest) proteins from the cytoplasm,
which are not functionally needed in IBs (shown here for
mCherry and transport-defective NiV MNrsmut). We suppose
that NiV infection would not benefit from additional aggresome
formation because this cellular stress response may trigger
further processes that would ultimately counteract productive
replication. Although aggresomes are supposed to reduce
proteotoxic stress, they are, nevertheless, still cytotoxic. For
example, the sequestration of ubiquitin to aggresomes could lead
to starvation of ubiquitin, which may result in a deficient DNA
damage response since ubiquitination of histones is an important
factor for DNA protein localization and repair (28). Aggresomes
also sequester other critical components including chaperones
or proteasomes, potentially triggering a positive feedback loop
increasing protein misfolding (29). Formation of aggresomes
at the MTOC has also been associated with the destruction
of the centrosome, which is critical for cilia formation (30).
Moreover, the aggresome’s perinuclear localization is supposed

to cause distortions of the nuclear membrane, which might
affect nucleocytoplasmic transport processes (31). As all these
consequences of aggresome formation can severely affect cell
homoeostasis in infected cells, the aggresome-like ability of IBs
to collect overexpressed proteins might be one way to limit
cytotoxic effects that may disturb virus replication, cell-cell-
spread, NiV assembly and release.

Aggresomal Pathways Are Neither Involved
in IB Formation nor in “Guest” Protein

Sequestration

The finding that neither proteasome inhibition (bortezomib), nor
HDACES inhibition (tubacin) nor MT disruption (nocodazole)
affected IB formation or protein sequestration indicates that
active transport processes and canonical aggresome transport
pathways are not involved. With regard to IB formation, this
is in line with the concept that IBs, similar to biomolecular
condensates, are formed by liquid-liquid phase separation.
Based on their intrinsic properties, NiV N and P proteins
trigger their preferential partitioning in the dense phase,
with their intrinsically disordered protein domains as a
crucial denominator that drive the liquid phase separation
for cytosolic IB formation (11, 12). In line with this model,
neither HDAC6 inhibition (tubacin) nor MT disruption
(nocodazole) influenced IB formation in N/P-coexpressing or
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A protein sequestration to IBs

FIGURE 7 | Sequestration of overexpressed proteins to IBs and cellular
aggresomes. (A) Vero76 cells were transfected with plasmids encoding NiV
N and NiV PeGFP, together with either mCherry, mCherry-NiV M or NiV
MnLsmut- 24 h later, cells were fixed with 4% PFA for 15 min and permeabilized
with Triton X-100. IBs were detected by eGFP autofluorescence (green).
mCherry or mCherry-tagged NiV M protein (mCh-NiV M) were detected by
autofluorescence (red). NiV My smut Was detected using an M-specific
antiserum (red). Nuclei were counterstained with DAPI (blue). (B) Vero76 cells
were transfected with plasmids encoding mCherry or mCherry-NiV M or NiV
MnLsmut- 4 h p.t. cells were treated with 50 nM bortezomib to induce
aggresome formation. 24 h after transfection, cells were fixed and
permeabilized. Aggresomes were labeled with anti-p62 antibody (green).
mCherry, mCh-NiV-M and NiV My smut Were detected as described above
(red). Nuclei were counterstained with DAPI (blue). Boxed areas are shown at
higher magnification on the right. Scale bars, 10 um.

NiV-infected cells. Although the number of large IBs in
nocodazole-treated NiV-infected cells was slightly increased
(Supplementary Figure 3), none of the inhibitors had significant
negative effects on NiV titers. This suggests that neither HDAC6
nor MTs play an important role in NiV replication, protein
transport and assembly, which contrasts with the findings

A + tubacin

FIGURE 8 | Influence of HDACS6 inhibition and MT disruption on protein
recruitment to IBs. Vero76 cells were transfected with plasmids encoding
NiV N and NiV PeGFP together with either mCherry or NiV My smut. After 4 h,
cells were treated with either 10 WM tubacin (A) or 250 nM nocodazole (B).

24 h post transfection, cells were fixed with 4% PFA and permeabilized with
Triton X-100. mCherry and eGFP were detected by autofluorescence (green,
red). NiV Mnismut Was detected using an M-specific antiserum (red). Nuclei
were counterstained with DAPI (blue). Boxed areas are shown at higher
magnification on the right. Scale bars, 10 um.

for rabies or measles viruses, where nocodazole functionally
impaired IB formation and replication (32, 33).

Interestingly, liquid phase separation appears to be an efficient
process not only for the formation of NiV IBs but also for
the enrichment of cytosolic proteins that are not required for
viral replication in IBs (mCherry, MNrsmut). Since none of
the inhibitors prevented the sequestration of “guest” proteins,
it can be assumed that they were not actively transported to
IBs, but rather their intrinsic biophysical properties caused
their preferential distribution in the dense phase and their
sequestration in IBs. Protein features facilitating phase separation
are for example intrinsic disorder, dynamic conformations,
multivalence, nucleic acid binding or oligomeric nature (34).
As mentioned above, viral nucleocapsid proteins such as
NiV N and P have the required properties to drive phase
separation without other components after reaching a threshold
concentration (11, 12). We suppose that, as described for
cellular condensates such as stress granules or P bodies (35),
cytosolic NiV IBs act as scaffolds or seed IBs, which then recruit
other proteins that cannot spontaneously form biomolecular
condensates. Recruitment of “guest” proteins might depend
on their general electrostatic properties with aromatic residues
regarded as “stickers” and polar moieties as “spacers” (36).
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Aside of this, sequestration of “guest” proteins might need some
molecular crowding leading to protein condensation, which
enhances partitioning into the dense liquid phase of preformed
seed IBs (37). This idea is supported by the description that
normally about one-third of a cell is filled by macromolecules
and that net repulsion among proteins by negative surface
charges likely prevents proteins from aggregating. An increase in
protein concentrations can perturb the balance, allowing proteins
at the saturation concentrations to undergo condensation (37,
38). In line with this idea, only the “guest” proteins, which
actually accumulated in the cytoplasm were sequestered to
IBs. On one hand, transport-defective NiV MNrsmut» Which
cannot undergo nuclear transit required for onward transport
to the plasma membrane (8), and therefore accumulates in
the cytoplasm. On the other hand soluble mCherry. Although
cytosolic accumulation is more limited because a substantial
fraction of overexpressed mCherry resides in the nucleus,
the cytosolic threshold required for partitioning into IBs is
nevertheless reached over time. In contrast to the two “guest”
proteins that were enriched in IBs, mCherry-labeled NiV M was
not found there. The reason is most likely that mCherry-NiV M,
like wild-type NiV M, is rapidly and effectively transported to the
plasma membrane (8, 14) and does not accumulate sufficiently in
the cytoplasm to be sequestered to IBs.

CONCLUSION

Viral IBs are known to have important functions during the viral
life cycle. For many viruses these “viral factories” represent the
site of replication accumulating all viral components essential
for this process, and also shield viral RNA from recognition by
cytosolic sensors (11). Because NiV IBs not only accumulate viral
proteins but also sequester overexpressed cytosolic proteins, they
may serve an additional function in limiting proteotoxic stress
during infection. Although typical aggresomal marker proteins
such as y-tubulin, HDAC6, and BAG3 are present in cytosolic
IBs, neither NiV nucleocapsid proteins nor “guest” proteins
enriched in IBs are transported via HDAC6- or MT-dependent
pathways. This independence on active transport mechanisms fits
to the concept that NiV IBs are biomolecular condensates, which
form by liquid-liquid phase separation induced by intrinsically
disordered regions of the viral nucleocapsid proteins. Additional
cellular factors are not needed. However, once formed, IBs can
recruit “guest” proteins due to their biophysical properties. By
separating not only viral proteins required for replication but
also non-functional overexpressed proteins from the cytosol,
IBs may reduce the impact of infection on cellular proteostasis,
thereby improving cellular fitness and preventing cellular stress
responses, which might counteract either viral replication or the
survival of infected cells.

MATERIALS AND METHODS

Virus Infections

All infection experiments were carried out under biosafety
level 4 (BSL-4) conditions at the Institute of Virology, Philipps
University Marburg.

The NiVyplaysia (NiV) isolate used in this study has been
described previously (39). Vero76 cells (CRL-1587, ATCC) were
cultivated in Dulbecco’s modified Eagles medium (DMEM,
Gibco) with 10% fetal calf serum (FCS), 100 U penicillin ml~!,
0.1 mg streptomycin ml~! and 4mM L-glutamine. Confluent
Vero76 cells were infected with NiV at an MOI of 0.05 or
1 for 1h at 37°C. After virus adsorption, cells were washed
five times with DMEM 2% FCS and then incubated in DMEM
2% FCS at 37°C. For inhibitor studies, infected cells were
incubated with medium containing either 250 nM nocodazole
(Selleck Chemicals), 10 wM tubacin (Selleck Chemicals), 50 nM
bortezomib (Selleck Chemicals) or DMSO (Wak-Chemie).

Virus titers in the supernatants of infected cells were
quantified by serial dilution on Vero76 cells to determine
50% tissue culture infectious dose (TCIDsq/ml). Viral titers of
three individual experiments are presented as mean £ SD and
statistical comparison was performed using an unpaired ¢-test.

Plasmids and Transfection

pCG and pCAGGS-vector based expression plasmids encoding
NiV M, NiV N and NiV PeGFP, mCherry and mCherry-NiV
M have been described previously (14). To generate pCG-NiV-
MNLSmut> the Q5 Site-Directed Mutagenesis Kit (NEB) was used
to substitute four arginines in the bipartite nuclear localization
signal of NiV M at position 244 and 245 as well as position
256 and 257 by alanines (8). All transfection experiments were
performed using Lipofectamine 2000 (Invitrogen) according to
the manufacturer’s protocol. Four hours post transfection (p.t.)
the medium was exchanged. For inhibitor studies, transfected
cells were incubated with medium containing either 250 nM
nocodazole, 10 WM tubacin or DMSO.

Confocal Immunofluorescence Analysis

For immunostaining of transfected cells, Vero76 cells grown on
glass coverslips were fixed at 24 h p.t. with 4% paraformaldehyde
(PFA, Merck) in DMEM. PFA was quenched by 0.1 M glycine
in PBS supplemented with MgCl, and CaCl, (PBS™™). Then,
cells were permeabilized with 0.1% Triton X-100 (Merck) in
PBS™ or ice-cold methanol/acetone (1:1) and treated with a
blocking-buffer containing 2% BSA (Serva), 5% glycerol (Roth),
0.2% Tween20 (Sigma), 0.05% NaN3 (Merck). Primary antibodies
were diluted in blocking-buffer and added for 1h followed by
incubation with appropriate Alexa Fluor-conjugated secondary
antibodies for 45min. A list of the different antibodies and
their dilutions is provided in Supplementary Table 1. In infected
cells, the immunostaining of endogenous cellular proteins was
performed at 18-24 h p.i. within the BSL4 laboratory as described
above using Alexa Fluor 568-conjugated secondary antibodies.
After the staining of endogenous proteins, infected cells were
inactivated with 4% PFA for 48h and removed from the BSL4
laboratory. PFA was again quenched by 0.1 M glycine in PBS*™.
To visualize viral IBs, NiV N was stained with a guinea pig
NiV antiserum (GP3) and Alexa Fluor 488-conjugated secondary
antibodies. After blocking with 5% rabbit serum, NiV M was
detected with a rabbit NiV M-specific antiserum (IG1321)
labeled with a Zenon Alexa Fluor 647 Rabbit IgG Labeling
Kit (ThermoFisher) as described previously (14). Cell nuclei
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were counterstained with 4,6-diamidino-2-phenylindole (DAPI).
Then, coverslips were mounted with mowiol (Calbiochem) and
analyzed using a confocal laser scanning microscope (Leica TCS
SP5 II).

SDS-PAGE and Western Blot

To determine the total expression of acetylated a-tubulin
and P-actin, cells were lysed in sample buffer containing 40%
glycerol (Roth), 0.1% bromophenol blue (Merck), 200 mM
Tris pH 6.8 (Roth), 8% SDS (Roth) in H,O, to which 4%
p-mercaptoethanol (Sigma) was added. The proteins were
separated by 10% SDS-PAGE under reducing conditions and
transferred onto a nitrocellulose membrane. After blocking
with 5% non-fat dry milk solution, the proteins were stained
with specific primary antibodies, biotinylated secondary
antibodies and peroxidase-conjugated streptavidin and detected
by enhanced chemiluminescence (SuperSignal West Dura
Substrate, ThermoFisher). Antibodies and dilutions are listed in
Supplementary Table 1.
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