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Abstract

BST2/tetherin is a transmembrane protein with antiviral activity; it is synthesized following
exposure to interferons, and restricts the release of budding virus particles by tethering them

to the host cell membrane. We previously showed that BST2 is induced in primary neurons
following measles virus (MV) infection or type | interferon; however, BST2 was dispensable

for protection against challenge with neuron-restricted MV. Here, we define the contribution of
BST-2 in neuronal MV infection. Surprisingly, and in contrast to its antiviral role in non-neuronal
cells, murine BST2 promotes MV infection in brains of permissive mice and in primary neuron
cultures. Moreover, BST2 expression was predominantly observed in the non-synaptic fraction
of purified neurons. These studies highlight a cell-type dependent role of a well-characterized
antiviral protein in enhancing neuronal infection.
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Introduction

Bone marrow stromal antigen 2 (BST2; also known as tetherin, HM1.24, and CD3171) was
first identified as a marker of terminally differentiated B cells2. Little attention was paid to
this protein until the discovery that it could prevent the release of human immunodeficiency
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virus type 1 (HIV-1) particles from infected cells by tethering budding virions to the cell
membrane3-7. Later, it was shown that this antiviral activity was not limited to HIV-1; BST2
restricted the release of many enveloped viruses, including herpes simplex virus type 2,
vesicular stomatitis virus, and Ebola virus®-10. The importance of BST2 in controlling viral
infections is highlighted by the fact that many viruses, including HIV-1, encode proteins that
directly antagonize BST2’s antiviral activity510,

Although BST2’s ability to restrict viral budding remains extensively studied, its normal
cellular function(s) are still being defined. Multiple isoforms of BST2 have been identified,
each with differing signal transducing capabilities (e.g. certain BST2 isoforms activate

the NF-xB pathway while others cannot)11-13, BST2 has also been implicated in
modulating clathrin-mediated endocytosis'114.15, by contributing to organization of the
actin cytoskeleton®. Further, BST2 is induced in response to cellular type I and Il interferon
(IFN) in many cell types?, consistent with its role in antiviral defense. We previously showed
that transcription of the BST2 gene is highly induced in primary mouse hippocampal
neurons in response to both IFN exposure and measles virus (MV) infection, but was
surprisingly dispensable for immune-mediated control in MV-infected micel’-18, Here, we
explore the contribution of BST2 more fully in neuronal viral infection.

MV is not a natural mouse pathogen; to study infection of central nervous system (CNS)
neurons, our laboratory uses a transgenic mouse model that expresses the MV vaccine
strain receptor, CD46, under the transcriptional control of the neuron specific enolase (NSE)
promoter (NSE-CD46™ mice)®. This model allows for exclusive infection of mouse CNS
neurons with the MV-Edmonston vaccine strain}®-21, We have shown that MV infection

of neurons, both /n vivo and ex vivo, does not result in cytopathicity as it does in all
non-neuronal cells?2, and interneuronal spread occurs in the absence of viral budding?3:24,
Rather, MV transmission from infected to uninfected neurons is almost exclusively trans-
synaptic. In this report, we provide evidence that, contrary to BST2’s well-defined ability
to restrict viral spread in non-neuronal cells, its expression enhances MV infection in
hippocampal neurons, and its absence results in less accumulation of viral RNA /n vivo.
Furthermore, BST2 is enriched in the neuronal cytoplasm and cell body (with less abundant
expression at the synapse), suggesting that it may exert its pro-viral role within the neuronal
cell body?23:24,

Reduced viral RNA in infected brains of mice lacking BST-2

Our previous observation that the absence of BST2 had no overt pathogenic consequence
following neuronal MV infection in mice2®, coupled with a reduction in the amount of
recoverable infectious progeny in BST2-deficient neurons, drove us to determine if the
presence of BST2 had any impact on the ability of MV to productively infect CNS neurons
in vivo. Viral RNA levels were assessed in whole brains of NSE-CD46* and NSE-CD467/
BST2 KO mice throughout a two-week time course. No significant changes were observed
in MV levels during the early phase of infection. However, contrary to our expectations, at
later timepoints, we observed a trend towards less viral RNA in the brains of NSE-CD46*/
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BST2 KO mice, reaching statistical significance by 14 dpi (Figure 1A). MV nucleoprotein
levels were also reduced in the brains of CD46%/BST2 KO mice 14 and 30 dpi (Figure 1B).

Reduced measles virus RNA in infected BST-2 deficient neurons

These differences were reproducible, but subtle. Thus, we sought to determine if a similar
result was seen in a more simplified setting, in which we evaluated viral levels in susceptible
primary hippocampal neurons. Primary neurons were derived from E14 embryos of the
indicated genotype; as we have previously shown, these neurons are non-dividing, and

form functional synaptic contacts?®. Using these cultures, we assessed the kinetics of MV
replication in primary NSE-CD46* and NSE-CD46*/BST2 KO neurons by analyzing MV
nucleoprotein RNA and protein levels at varying times post infection (Figure 2). Consistent
with our in vivo data, both viral RNA and protein levels were significantly lower in

BST2 KO neuronal cultures (Figure 2A/B). Immunofluorescence staining showed significant
reductions in the number of MV-infected, BST2 KO neuronal foci (Figure 2C/D). These
data indicate that there is a direct correlation between the presence of BST2 and robust MV
replication.

BST2 is not present at the synapse during neuronal MV infection

To further understand how BST2 aids MV replication and spread, we purified synaptic and
non-synaptic neuronal fractions from infected NSE-CD46* mouse brains at varying times
post-infection. Synaptic termini were purified using synaptosome preparations, obtained
following homogenization of neuronal tissue or cultures in isotonic buffer followed by
serial centrifugations. Such preparations are enriched in synaptosome-associated protein
(SNAP25) and represent sealed neuronal terminals?”. Using this established purification
technique, we defined BST2’s cellular localization. BST2 RNA expression trended higher
in the non-synaptic neuronal fraction than in the synaptic fractions purified from infected
whole brain tissue (Figure 3A). We further corroborated this observation using primary
NSE-CD46" neuronal cultures. BST2 RNA expression was reduced in the synaptic fraction
of infected neurons at later time points and protein expression was significantly reduced in
the synaptic fraction of neurons infected for 72hr (Figure 3B/C). These data suggest that
BST2 may exert its pro-viral function during viral replication in the neuronal cytoplasm,
rather than by affecting neurotransmission.

Discussion

It is well established that BST2 can block egress of multiple enveloped viruses34:7:8.25.28-31,
Paradoxically, some reports have demonstrated that BST2 supports cell-cell viral
spread32-36, In this report, we show that the presence of BST2 in primary hippocampal
neurons supports neuronal MV replication both /nand ex vivo. Our data contribute to

a growing literature which describes the cell type-specific functions of BST2/tetherin
following viral infection.

In most cases, the “pro-viral” functions of BST2 that have been reported are linked to
increased entry into permissive cells. For example, in the case of cytomegalovirus (CMV)
replication, /n vitro studies using primary human monocytes and fibroblasts revealed that
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BST2 expression increases CMV cellular entry via a reverse-tethering mechanism in which
BST2 expressed at the cell surface can enhance virion binding and subsequent entry to
adjacent permissive cells32. BST2 KO mice infected with either vesicular stomatitis virus or
influenza virus showed similar results, in that loss of BST2 results in decreased viral loads /n
vivo, presumably due to disruption of intracellular vesicle trafficking33:34.

We hypothesize that these seemingly opposing functions may be influenced by how a given
virus spreads in distinct cell populations. For example, in the case of HIV-1 infection,
BST2’s contribution in inhibiting spread of viral particles has mainly focused on the

release of infectious progeny*°:/. However, when investigators studied direct cell-to-cell
spread of HIV-1, BST2 promoted spread specifically at the virological synapse, as sSiRNA
knockdown of BST2 inhibited transmission of particles into uninfected cells3®. Similar data
were observed with feline immunodeficiency virus (FIV): BST2 expression could efficiently
block egress, although cell-to-cell transmission was enhanced, as visualized by increased
syncytia formation36,

The cell-type differences that alter BST2 biology may be of particular relevance to viral
transmission in neurons: many viruses, including MV, polio, neurotropic herpesviruses, and
rabies, adopt a trans-synaptic transmission strategy, in addition to, or wholly replacing, viral
budding?3:24:37, While one study has shown that BST2 overexpression inhibits MV induced
syncytia formation in rapidly dividing HEK293T cells38, no studies to date have examined
what role BST2 may play in non-dividing primary cell populations, such as CNS neurons.
In the case of MV infection of primary hippocampal neurons, it is possible that BST2 aids
in interneuronal MV trafficking. Supporting this hypothesis is the fact that BST2 has been
identified in the #rans-Golgi network and recycling endosomes, which, in neurons, may aid
in transporting ribonucleoprotein complexes or viral protein-containing vesicles from the
Golgi to the synapse, enabling MV spread across the synaptic cleft>. Alternatively, the
normal cellular roles of BST2, which include clathrin-mediated endocytosis, induction of
NF-xB, and restriction of cellular protein synthesis, could lead to the induction or activation
of other cellular pathways necessary to facilitate MV replication in neurons®16.29.39 The
observation that BST2 facilitates MV reproduction in neurons underscores the importance of
considering cell type when studying the functions of certain 1SGs.

Materials and Methods

Ethics statement

This study was carried out in accordance with the recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
reviewed and approved by the Fox Chase Cancer Center Institutional Animal Care and Use
Committee (Office of Laboratory Animal Welfare assurance number A3285-01).

Cell culture and virus infections

Primary hippocampal neurons were obtained from day 14-16 mouse embryos and cultured
in Neurobasal media (Invitrogen) supplemented with L-glutamine in the absence of an
astrocyte feeder layer, as described previously1923.24, Neurons were plated in 12-well plates
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coated with poly-L-lysine (Sigma-Aldrich) at a density of 2x10° cells/well. Neuron cultures
were frequently quality-controlled, and were routinely >95% MAP2-positive. Neurons were
plated and incubated for 5 days (d) prior to infection to allow for full differentiation.

MV-Edmonston (vaccine strain) was purchased from American Type Culture Collection

and passaged and titered at low multiplicity in Vero cells. Passages 2 or 3 of the resulting
stock were used for all infections. All infections of primary cultures were carried out at a
multiplicity of infection (MOI)=1 for 1 hour before washing and replacement of conditioned
medium.

Synaptosome Purification

Cytosolic and synaptic neuronal fractions were purified as previously described?”.
Supernatants (cytosolic fraction) and pellets (synaptosome fraction) were re-suspended in
Illustra Triple Prep kit (GE Healthcare) buffer, and RNA and protein were purified according
to manufacturer’s instructions.

Western Blot analyses

Protein was obtained from primary neurons using the Illustra Triple Prep kit (GE
Healthcare) and stored at —80°C until analysis. Samples were electrophoresed into a 10%
Bis-Tris gel (Life Technologies) in MES running buffer (Life Technologies) and transferred
to an Immobilon membrane (Millipore). Membranes were blocked with Odyssey Blocking
Buffer and immunoblotted for GAPDH (Millipore AB2302; 1:10,000), MV nucleoprotein
(Sigma 95051114), SNAP25 (Cell Signaling 5308), or BST2 (Thermo Fisher Scientific
PA5-23505). Secondary antibodies were obtained from LI-COR (IRDye® 680RD Donkey
anti-Chicken 1gG; IRDye® 800CW Donkey anti-Rabbit 1gG). Images were captured with
LI-COR Odyssey Classic Infrared Imager.

Reverse transcriptase quantitative real-time PCR (RT-qPCR)

RNA was purified from whole cell lysates using the RNeasy Mini kit (Qiagen) or the
Illustra Triple Prep kit (GE Healthcare). RNA was reverse transcribed using High Capacity
cDNA Reverse Transcription kit (Applied Biosystems) with random hexamer priming.
Gene-specific primers were used in combination with probes designed using the Universal
Probe Library algorithm (Roche) and Universal Master mix (Roche); all reactions were

run on a Mastercycler Realplex2 system (Eppendorf). Relative quantification to the control
(cyclophilin B) was done using the comparative AACT method. Individual sample PCR
reactions were performed in triplicate. The following gene specific primers (Integrated
DNA Technologies) were used: Cyclophilin B Forward — 5’-ttcttcataaccacagtcaagacc-3’,
Cyclophilin B Reverse — 5’-accttccgtaccacatccat-3’, UPL 20; MV nucleoprotein Forward -
5’-ggaaactgcaccctacatgg-3’, MV nucleoprotein Reverse- 5’-gggtatgatcctgcactgaact-3°, UPL
80; Bst2 Forward- 5’-gaagtcacgaagctgaacca-3’, Bst2 Reverse- 5’-cctgcactgtgctagaagtcte-3°,
UPL 78.

Immunofluorescence Staining

Primary neurons were plated on poly lysine-coated coverslips. Coverslips were fixed at
the indicated timepoint using 4% paraformaldehyde/4% sucrose in phosphate buffered
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saline, further fixed and permeabilized with 100% methanol and 0.2% Triton, and blocked
before addition of primary antibodies. Primary antibodies for MV fusion protein (Bioss
USA bs-0886R), MAP2 (Millipore MAB364) were applied. Directly conjugated secondary
antibodies were used (Hoescht; 1:1000, Donkey anti-rabbit AF488; 1:5000, Goat anti-mouse
AF555; 1:5000). Images were captured at 40x using an inverted TE2000 Nikon C1 confocal
microscope.

Mice and viral inoculation

Homozygous NSE-CD46* transgenic mice (line 18; H-2°)1° were maintained in the closed
breeding colony of the Fox Chase Cancer Center. BST2 KO mice were obtained from Marco
Colonna, Washington University, St. Louis, MO and crossed to NSE-CD46* transgenic mice
for three generations. Genotypes of mice used in these experiments were confirmed by PCR
analysis of tail biopsy DNA.

Isoflurane-anesthetized mice were infected with MV-Edmonston via intracranial inoculation
of 1x10% PFU in a volume of 30 pl, delivered along the midline using a 27g needle. Mice
were monitored daily post-infection for signs of illness. Moribund mice were euthanized in
accordance with IACUC guidelines. RNA was isolated from individual mice at indicated
times post infection using TriReagent (Sigma).

Statistical analysis and figure preparation

Data representation and statistical analysis were performed using Prism GraphPad.
Statistical analysis was done using the Mann-Whitney U test or unpaired T test with equal
standard deviations as indicated in the legends.
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Research Highlights:

BST2 promotes neuronal measles virus infection in primary neuronal
cultures.

BST2 promotes neuronal measles virus infection in the brain.

BST2 is increased away from the neuronal synapse.
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Figure 1: Deletion of BST2 leads to decreased MV in vivo.
NSE-CD46™ (WT; black dots) and NSE-CD46*/BST2 KO (KO; white dots) mice were

infected intracranially with 1x10% PFU MV-Edmonston. Whole brains were collected, and
analyzed for MV nucleoprotein RNA and protein by RT-gPCR (A) and Western blot (B), at
the indicated days post infection (dpi). n=10-12/group. Data are represented using the AACT
method. # p <0.05 Mann-Whitney U Test.
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Figure 2: Deletion of BST2 leads to decreased MV a in primary neurons.
Primary neurons of the indicated genotype (WT: NSE-CD46*; KO: NSE-CD46*/BST2 KO)

were infected with MV-Edmonston at an MOI=1. A) RNA was collected at the indicated
time point (hours post-infection; hpi) and analyzed by RT-gPCR for MV nucleoprotein
RNA. Results from at least 3 independent experiments are represented using the AACT
method. B) Western blot analysis of protein collected at the indicated times post infection.
Blots were probed with a polyclonal MV nucleoprotein antibody and an antibody to
GAPDH as a loading control. C) Immunofluorescence staining of WT and KO primary
neuronal cultures. Red- MAP2; neuronal marker. Blue-Hoescht; nuclei marker. Green- MV
fusion protein. Representative images from each genotype are shown. D) MV positive foci
were scored across multiple fields of view (FOV). # p <0.05 Unpaired T test.
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Figure 3: BST2 is not concentrated at the neuronal synapse during MV infection.
A) RNA collected from fractionated whole brain tissue was analyzed by RT-gPCR for

murine BST2 (mBST2) RNA and normalized to cyclophilin. B/C) Primary NSE-CD46*
neurons were infected with MV at an MOI=1. Infected cells were collected at the indicated
hours post infection followed by synaptosome purification. B) RNA was analyzed by RT-
gPCR for murine BST2 (mBST2) RNA and normalized to cyclophilin B. Data represent

the results of an experiment performed in triplicate and analyzed using the AACT method.
C) Western blot analysis of protein collected at the indicated times post infection from

either the pelleted synaptic or remaining fractions (non-synaptic). Blots were probed with
antibodies against BST2, MV, SNAP25 (to indicate synaptic fraction purity) and an antibody
to GAPDH (loading control). # p <0.05 Unpaired T test with equal standard deviations.
Error bars represent SD.
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