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ABSTRACT

In permissive mouse central nervous system (CNS) neurons, measles virus (MV) spreads in the absence of hallmark viral bud-
ding or neuronal death, with transmission occurring efficiently and exclusively via the synapse. MV infection also initiates a ro-
bust type I interferon (IFN) response, resulting in the synthesis of a large number of genes, including bone marrow stromal anti-
gen 2 (Bst2)/tetherin/CD317. Bst2 restricts the release of some enveloped viruses, but to date, its role in viral infection of
neurons has not been assessed. Consequently, we investigated how Bst2 was induced and what role it played in MV neuronal
infection. The magnitude of induction of neuronal Bst2 RNA and protein following IFN exposure and viral infection was notably
higher than in similarly treated mouse embryo fibroblasts (MEFs). Bst2 synthesis was both IFN and Stat1 dependent. Although
Bst2 prevented MV release from nonneuronal cells, its deletion had no effect on viral pathogenesis in MV-challenged mice. Our

findings underscore how cell-type-specific differences impact viral infection and pathogenesis.

IMPORTANCE

Viral infections of the central nervous system can lead to debilitating disease and death. Moreover, it is becoming increasingly
clear that nonrenewable cells, including most central nervous system neurons, combat neurotropic viral infections in fundamen-
tally different ways than other rapidly dividing and renewable cell populations. Here we identify type I interferon signaling as a
key inducer of a known antiviral protein (Bst2) in neurons. Unexpectedly, the gene is dispensable for clearance of neurotropic
viral infection despite its well-defined contribution to limiting the spread of enveloped viruses in proliferating cells. A deeper
appreciation of the importance of cell type heterogeneity in antiviral immunity will aid in the identification of unique therapeu-

tic targets for life-threatening viral infections.

,VI any of the foundational principles in immunology have re-
sulted from basic observations of virus-cell interactions, in-
cluding the induction and antiviral function of both type I and
type II interferons (IFNs) (reviewed in references 1, 2, and 3).
Viral infection of a cell typically results in cellular production and
secretion of type I IFNs, which can then bind to cell surface recep-
tors in a paracrine and autocrine fashion, leading to synthesis of
interferon-stimulated genes (ISGs). These ISGs, in turn, aid in
clearing the viral infection by directly cleaving viral nucleic acids,
triggering cellular apoptosis, inducing autophagy, upregulating
major histocompatibility complex (MHC) class I expression to aid
in CD8" T cell-mediated cytotoxicity, and preventing viral egress.
Moreover, the induction of type I IFN contributes to the recruit-
ment of adaptive immune effectors to infected sites, which further
promotes viral clearance.

One ISG that is highly induced following infection by many
viruses, and in response to both type I and II IFN signaling, is the
gene for bone marrow stromal antigen 2 (Bst2; also known as
HM1.24, tetherin, and CD317) (4). Bst2 was first discovered as a
marker expressed on terminally differentiated B cells and in cer-
tain human hematopoietic malignancies (5). The discovery that
Bst2 could directly prevent human immunodeficiency virus type 1
(HIV-1) virion release by tethering virus particles to an infected
host cell ignited interest in this novel antiviral protein. The subse-
quent finding that the HIV-1 vpu protein directly antagonizes
Bst2 underscored that viruses have evolved to modulate the anti-
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viral role of this cellular protein (6-10). It has been shown that
Bst2 can restrict budding of a variety of enveloped viruses, includ-
ing Ebola virus, vesicular stomatitis virus (VSV), and herpes sim-
plex virus 2 (HSV-2) (11-13).

Bst2 is a transmembrane protein thought to directly tether the
viral membrane to the host cell membrane (reviewed in references
14, 15, and 16). Bst2 has also been shown to activate the NF-kB
pathway, presumably further amplifying cellular stress signals
(17). While the functional roles of Bst2 in uninfected cells are just
emerging, it is clear that many viruses encode proteins that sub-
vert Bst2’s antiviral activities, often by altering clathrin-mediated
endocytic pathways (18-20). To date, studies aimed at under-
standing Bst2’s role in preventing viral infection have been limited
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to immune cells and rapidly dividing cell types such as fibroblasts
(21). Although Bst2 has been shown to be induced in primary
neurons following virus infection, whether it modulates the viral
life cycle in these cells has not been explored (22, 23).

One of our laboratory’s primary interests is to understand
measles virus (MV) infection and spread within central nervous
system (CNS) neurons. To study this, we use transgenic mice that
express CD46, the first identified human MV receptor, under the
control of the neuron-specific enolase promoter (NSE-CD46™
mice) (24-26). Because mice are not normally permissive to MV
infection, we can use this model to restrict viral replication to CNS
neurons. MV spread within primary neurons that are obtained
from these mice occurs through synaptic connections in the ab-
sence of extracellular viral release, distinct from the productive
and lytic infection it causes in nonneuronal cells (23, 27, 28).
Functional clearance of MV from the CNS of NSE-CD46™ mice is
noncytolytic and dependent on both T cells and gamma interferon
(IFN-vy) (29, 30). Interestingly, neurons differ fundamentally in
the basal levels of key signaling molecules that are required for ISG
induction compared to mouse embryonic fibroblasts (MEFs)
(31). During the course of previous studies, we identified numer-
ous genes that were synthesized in primary hippocampal neurons
and MEFs following IFN-vy treatment. From this list, Bst2 was
among the top 5 induced genes (23). In this study, we investigated
the induction and contribution of Bst2 in MV infection of CNS
neurons both in vivo and ex vivo.

Using knockout mice and primary neuronal cell cultures, we
showed that induction of Bst2 is dependent on Statl signaling
induced by type I IFN and that Bst2 expression can restrict MV
cellular egress in a rapidly dividing, nonneuronal cell type. More-
over, Bst2 is induced by IFN in neurons to a much greater extent
than that observed in MEFs. Given this induction, we were sur-
prised to find that the absence of Bst2 had no apparent effect on
neuronal viral pathogenesis following infection of NSE-CD46™
mice. Our data support a growing body of literature showing that
neurons combat and control viral infections in fundamentally dif-
ferent ways than rapidly dividing cell types.

MATERIALS AND METHODS

Ethics statement. This study was carried out in accordance with the rec-
ommendations in the Guide for the Care and Use of Laboratory Animals of
the National Research Council (32). The protocol was reviewed and ap-
proved by the Fox Chase Cancer Center Institutional Animal Care and
Use Committee (Office of Laboratory Animal Welfare assurance number
A3285-01).

Cell culture, interferon treatment, and virus infections. Primary
hippocampal neurons were obtained from day 14 to 16 mouse embryos
and cultured in Neurobasal medium (Gibco) supplemented with L-glu-
tamine in the absence of an astrocyte feeder layer, as described previously
(26-28). Neurons were plated on 15-mm glass coverslips or in 12-well
plates coated with poly-L-lysine (Sigma-Aldrich) at a density of 2 X 10°
cells/well, unless otherwise noted. Neuron cultures were frequently qual-
ity controlled and were routinely >95% Map2 positive. Neurons were
plated and incubated for 5 days prior to IFN treatment or infection to
allow for full differentiation. Primary mouse embryonic fibroblasts
(MEFs) were isolated from the same embryos and maintained in complete
Dulbecco modified Eagle medium (DMEM; supplemented with 10% fetal
calf serum, 2 mM L-glutamine, 100 U/ml of penicillin, and 100 ng/ml of
streptomycin). All cells were maintained at 37°C and 5% CO, in a humid-
ified incubator.

For cells treated with IFNs, recombinant murine IFN-B or IFN-y
(Millipore) was diluted in B27-free Neurobasal medium, added to the
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cultures (100 U/ml final), and incubated for the desired times prior to
collection.

MV-Edmonston (vaccine strain) was purchased from American Type
Culture Collection (ATCC) and passaged and subjected to titer determi-
nation in Vero cells (monkey kidney fibroblasts). Passage 2 or 3 of the MV
stock was used for all infections. Lymphocytic choriomeningitis virus
(LCMV) Armstrong (LCMV-Arm; ATCC) was passaged and plaque pu-
rified in BHK-21 cells (baby hamster kidney fibroblasts), and titers were
determined on Vero fibroblasts. All infections of primary cultures were
carried out at a multiplicity of infection (MOI) of 1. Briefly, conditioned
medium was removed and cells were inoculated with 500 wl of virus
diluted in unconditioned Neurobasal medium or DMEM for 1 h at 37°C.
After infection, cells were gently washed and conditioned medium was
replaced until the desired time of harvest. 293T-Rex cells (Invitrogen)
were modified to inducibly express Bst2 (293T-Bst2 cells) upon tetracy-
cline exposure (1 pg/ml) and were a gift from Ju-Tao Guo (Drexel Uni-
versity). These cells were maintained as described in the original report
(12). To induce Bst2 expression, cells were treated with tetracycline for 24
h and were then infected with MV at an MOI of 1.0 for 1 h. Virus was then
removed and replaced with fresh medium, with or without tetracycline.

Western blot analyses. Whole-cell lysates for Western blot analysis
were collected by scraping cells in 1X protein solubilization buffer (con-
taining SDS and EDTA) and stored at —80°C until analysis. Protein was
run into a 10% bis-Tris gel (Life Technologies) in morpholineethanesul-
fonic acid (MES) running buffer (Life Technologies) and transferred to an
Immobilon membrane (Millipore). Membranes were blocked with Odys-
sey blocking buffer (Odyssey) and immunoblotted for glyceraldehyde-3-
phosphate dehydrogenase (GAPDH; Millipore AB2302; 1:10,000) and
Bst2 (Sigma PRS4661; 1:1,000). Secondary antibodies were obtained from
LI-COR (IRDye 680RD donkey anti-chicken IgG [H+L]; IRDye 800CW
donkey anti-rabbit IgG [H+L]). Images were captured with a LI-COR
Odyssey classic infrared imager.

Reverse transcriptase quantitative real-time PCR (RT-qPCR). RNA
was purified from whole-cell lysates using the RNeasy minikit (Qiagen).
RNA was quantified using a NanoDrop spectrophotometer. RNA was
reverse-transcribed using a high-capacity cDNA reverse transcription kit
(Applied Biosystems) with random hexamer priming. Gene-specific
primers were used in combination with probes designed using the Uni-
versal Probe Library algorithm (Roche) and Universal Master mix
(Roche); all reactions were run on a Mastercycler Realplex2 system (Ep-
pendorf). Cycling conditions were 50°C for 2 min and 95°C fir 10 min,
followed by 40 (2-step) cycles (95°C for 15 s and 60°C for 60 s). Relative
quantification to the control (cyclophilin B) was done using the compar-
ative threshold cycle AACT method. Individual sample PCRs were per-
formed in triplicate. The following gene specific primers (Integrated DNA
Technologies) were used: Cyclophilin B Forward (5'-TTCTTCATAACC
ACAGTCAAGACC-3"), Cyclophilin B Reverse (5'-ACCTTCCGTACCA
CATCCAT-3'; UPL 20), Bst2 Forward (5'-GAAGTCACGAAGCTGAAC
CA-3"), Bst2 Reverse (5-CCTGCACTGTGCTAGAAGTCTC-3'; UPL
78); MV nucleoprotein Forward (5'-GGAAACTGCACCCTACATGG-
3’), and MV nucleoprotein Reverse (5'-GGGTATGATCCTGCACTGAA
CT-3'; UPL 80).

Mice and in vivo infections. Homozygous NSE-CD46™" transgenic
mice (line 18; H-2®) (26) were maintained in the closed breeding colony of
the Fox Chase Cancer Center. Homozygous NSE-CD46™ and haplotype-
matched homozygous immune knockout (KO) mice were intercrossed
for three or more generations to obtain NSE-CD46 ™ mice on the desired
KO background. NSE-CD46 */IFN-y knockout and NSE-CD46"/Stat1
knockout mice have been used in our lab previously (23, 30). IFNARI1-
deficient mice on a 129S2/SvPas background were obtained from Luis
Sigal (Fox Chase Cancer Center, Philadelphia, PA). Bst2 KO mice were
obtained from Marco Colonna, Washington University, St. Louis, MO.
Rag2 KO mice were obtained from Michael Oldstone, Scripps Research
Institute, La Jolla, CA. The genotypes of mice used in these experiments
were confirmed by PCR analysis of tail biopsy specimen DNA or fluores-
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FIG 1 Bst2 RNA and protein are induced in both primary neurons and MEFs in response to interferon, but to a higher extent in neurons. Primary neurons spiked
with mouse recombinant type I interferon (IFN-B) or type II interferon (IFN-y), at a concentration of 100 U/ml, were assayed for changes in Bst2 RNA by
RT-qPCR. Data are represented as fold change compared to value for untreated cells using the AACT method. n = 5 per group. Results for the unpaired ¢ test with
equal-standard-deviation samples compared to the 0-h value for the same cell type are shown. **, P < 0.005; *, P < 0.05. Results of at least 3 independent
experiments are presented. Error bars represent the standard deviations among groups. (A) Bst2 RNA abundance in primary neurons. (B) Bst2 RNA abundance
in primary mouse embryo fibroblasts. (C) Western blot for Bst2 and GAPDH protein from primary neurons and MEFs following IFN exposure at a dose of 100
U/ml. The image was captured using LI-COR Odyssey. (D) Coverslips of primary neurons and MEFs that were spiked with 100 U/ml of IFN for 48 h or left
untreated were stained for Bst2 (green), Hoechst (blue), and B-actin (red). Each sample set is shown as Bst2 and Hoechst staining (left) or as a merged image of
Bst2, Hoechst, and B-actin (right). Primary neurons without (top) or with (bottom) IFN treatment (left side) and primary MEFs without (top) or with (bottom)
IFN treatment (right side) are shown.

cence-activated cell sorter (FACS) analysis of blood collected from the  and seizures. Moribund mice were euthanized in accordance with IACUC

orbital sinus.

Isoflurane-anesthetized mice were infected with MV-Edmonston via
intracranial inoculation of 1 X 10* PFU in a volume of 30 ul, delivered
along the midline using a 27-gauge needle. Mice were monitored daily
postinfection for signs of illness, including weight loss, ruffled fur, ataxia,
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guidelines. RNA was isolated from individual mice at the desired times
postinfection using TriReagent (Sigma) and subjected to analysis as de-
scribed above.

Immunofluorescence. Primary neurons and MEFs were plated on
coverslips and treated as previously described. Coverslips were fixed using
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FIG 2 Bst2 expression reduces MV egress in nonneuronal cells. Supernatants
were taken from MV-infected 293T-Bst2 cells with or without tetracycline at
24, 48, and 72 h postinfection. Results of at least 3 independent experiments
are presented. Error bars are used to indicate the standard deviations among
groups. The number of infectious virus particles released was determined by

plaque assay. Data are considered significant as determined by ANOVA. *, P <
0.05.n = 3.

4% paraformaldehyde—4% sucrose in phosphate-buffered saline (PBS),
followed by further fixation and permeabilization with 100% methanol
and then with 0.2% Triton in PBS. Coverslips were blocked with 10% goat
serum and 10% fetal bovine serum in PBS. Primary antibodies for Bst2
(Sigma; 1:200) and mouse B-actin (Sigma; 1:2,000) were applied. Directly
conjugated secondary antibodies were used (Hoechst, 1:1,000; donkey
anti-rabbit AF488, 1:5,000; and goat anti-mouse AF555, 1:5,000). Cover-
slips were mounted to slides using Citifluor AF1 (Electron Microscopy
Sciences) and sealed. Images were captured at 40X using an inverted
TE2000 Nikon C1 confocal microscope.

Statistical analysis. Data representation and statistical analysis were
performed using Prism GraphPad. Unpaired ¢ test with equal standard
deviations or analysis of variance (ANOVA) are shown. Figures represent
the results of at least 3 independent experiments, unless otherwise noted
in the figure legends. Samples were compared to an uninfected or un-
treated control. Significant differences are indicated by asterisks as fol-
lows: **, P < 0.005, and *, P < 0.05. Error bars are used to indicate the
standard deviations.

RESULTS

Bst2 is induced following interferon exposure in neurons and
MEFs. In a previous study, we identified the gene for bone marrow
stromal antigen 2 (Bst2) as among the most highly induced neu-
ronal genes following MV infection (23). To quantify this induc-
tion more fully, we cultured primary hippocampal neurons and
fibroblasts from day 15 embryonic mice, as previously described
(26, 28). Five days postplating, primary neurons and fibroblasts
were exposed to 100 U/ml of murine recombinant type I IFN
(IFN-B) or type I IFN (IFN-v). As expected, IFN-treated neurons
and MEFs showed a significant and rapid synthesis of Bst2 RNA
relative to untreated cells (Fig. 1A and B). Treatment of both neu-
rons and MEFs with IFN-f resulted in significantly greater induc-
tion of Bst2 RNA than treatment with IFN-y. Interestingly, in-
creases in Bst2 induction were up to 50-fold greater in neurons
than in MEFs.

To confirm that the changes in gene expression correlated with
protein accumulation, we examined Bst2 protein expression after
IFN treatment by Western blotting and immunofluorescence. Lit-
tle basal Bst2 was detected in neurons in the absence of IFN, but
the amount increased appreciably following IFN exposure. No
increase in protein accumulation was observed in MEFs (Fig. 1C).
When examining Bst2 protein expression at the single cell level
using immunofluorescence, similar results were observed: there
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FIG 3 Viral infection induces Bst2 RNA synthesis in neurons. (A) Primary
neurons infected with MV (MOI = 1) or challenged with the same dose of
UV-inactivated MV were assayed for Bst2 RNA levels by RT-qPCR. Data are
represented as fold change over the value for untreated cells using the AACT
method. n = 3 per group. Results of at least 3 independent experiments are
presented. Error bars are used to indicate the standard deviations among
groups. Results for unpaired ¢ test with equal-standard-deviation samples
compared to the value for the uninfected control are shown. **, P < 0.005; *,
P <0.05.

was an appreciable increase in Bst2 protein expression in neurons
but not MEFs (Fig. 1D). These data indicate that Bst2 gene induc-
tion and protein accumulation occur in both neurons and MEFs
but that the magnitude of induction is greater in neurons.

Bst2 blocks MV egress in nonneuronal cells. The observation
that Bst2 is induced in response to IFN exposure led us to assess
the role of Bst2 in limiting MV release. We infected 293T Rex cells
that had been engineered to contain a tetracycline-inducible Bst2
gene (here called 293T-Bst2 cells). Bst2 is not expressed in these
cells in the absence of tetracycline (12). 293T-Bst2 cells expressing
or not expressing Bst2 were infected with MV, and supernatants
were collected at various times postinfection and titers deter-
mined (Fig. 2). As expected from studies of other enveloped vi-
ruses in dividing cells, Bst2 expression resulted in a >50-fold de-
crease in infectious MV released into the supernatant. This
confirms that MV, like Ebola virus, HIV-1, and VSV, is susceptible
to Bst2-mediated restriction.

Bst2 expression is significantly induced after viral infection
in primary neurons. The observation that Bst2 can limit MV re-
lease, coupled with the knowledge that Bst2 is induced more
abundantly in neuronal cell populations than dividing MEFs, led
us to further explore the contribution of Bst2 in preventing MV
spread and pathogenesis in neuronal cells. For these experiments,
we used a transgenic mouse model in which CD46, one of three
identified MV receptors, and the primary receptor for vaccine
strains such as MV-Edmonston, is constitutively expressed under
the transcriptional control of the neuron specific enolase pro-
moter (NSE-CD46™ mice), allowing for exclusively neuronal in-
fection (24-26). Primary hippocampal neurons explanted from
NSE-CD46 " mice were challenged with MV-Edmonston. Expres-
sion of Bst2 RNA was significantly elevated in MV-infected neu-
rons, increasing as the virus spread throughout the culture (Fig.
3). Induction was dependent on replicating virus, as UV-inacti-
vated MV did not appreciably alter Bst2 expression levels. To con-
firm that Bst2’s induction in response to viral infection was not
unique to MV, we infected primary neurons with lymphocytic
choriomeningitis virus (LCMV), another neurotropic, enveloped
RNA virus. Again, a significant increase in Bst2 RNA expression
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FIG 4 Bst2 induction in neurons is dependent on type I IFN signaling. (A)
Primary CD46" and CD46"/IFN-y KO neurons were infected with MV for
the indicated times and assayed for Bst2 RNA expression by RT-qPCR. (B)
Primary NSE-CD46", NSE-CD46 */Stat] KO, and NSE-CD46"/IFNAR KO
neurons were infected with MV for the indicated period and assayed for Bst2
RNA expression. (C) Relative levels of MV nucleoprotein RNA in indicated
genotypes of primary neurons. Data are presented as fold change over the value
for uninfected neurons using the AACT method. Results of at least 3 indepen-
dent experiments are presented. Error bars represent the standard deviations
among groups. n = 3 or 4 per group. Results for unpaired ¢ test with equal-
standard-deviation samples compared to the value for the uninfected control
are shown. *, P < 0.05.
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FIG 5 Bst2 expression is induced in vivo after MV infection via type I Ifn
signaling. Mice of the indicated genotypes were infected intracranially with
1 X 10" PFU of the MV-Edmonston. Bst2 RNA expression in whole brains was
assessed 3 dpi. Data are presented as fold change over the value for uninfected
mice using the AACT method. # = 3 or 4 per group. Error bars represent the
standard deviations among groups. Results for npaired ¢ test with equal-stan-
dard-deviation samples compared to the value for the uninfected control are
shown. **, P < 0.005.

was observed, correlating with time postinfection (data not
shown).

Bst2 induction in neurons is dependent on type I interferon
signaling. To define how Bst2 is induced following MV infection,
we utilized primary hippocampal neurons obtained from several
knockout mice lacking key elements of the IFN response pathway.
When CD46 */IFN-vy knockout primary neurons were challenged
with MV, Bst2 RNA was present at levels similar to those in con-
trol neurons at 24 and 48 h postinfection (Fig. 4A). Because neu-
rons can produce type I IFN, we next infected CD46 " /IFNAR KO
neurons (33), reasoning that though these neurons could synthe-
size type I IFNs in response to infection, the lack of a functional
receptor would preclude them from mounting a transcriptional
response to secreted IFNs. Indeed, the absence of a functional type
I IFN receptor ablated the virus-induced synthesis of Bst2 at both
24 and 48 h postinfection (Fig. 4B). Even at 72 h postinfection,
when MV had spread extensively through the culture, as assessed
by increased levels of MV nucleoprotein RNA (Fig. 4C), Bst2 RNA
levels remained unchanged. This finding was further supported
when primary neurons isolated from mice lacking Statl, a central
signaling molecule in the type I IFN cascade, were also unable to
induce Bst2 during virus infection (Fig. 4B). From these data, we
conclude that primary neurons infected with MV synthesize Bst2
RNA through a Stat1-mediated signaling pathway that is triggered
by type I IEN.

Bst2 expression is induced in vivo after MV infection via type
I IFN signaling. To assess the role of type I IFN signaling in in-
ducing Bst2 expression in vivo, we infected NSE-CD46* and NSE-
CD46"/IFNAR KO mice intracranially with 1 X 10* PFU of MV-
Edmonston. All mice were monitored daily for signs of disease. At
3 days postinfection (dpi), animals were sacrificed and whole
brains were examined for Bst2 induction via RT-qPCR. Mice that
lacked the type I IFN receptor, and thus IFN signaling, were un-
able to induce Bst2 expression, in contrast to those with an intact
IEN signaling pathway (Fig. 5). These in vivo data support the
results obtained from our primary neuronal cultures and confirm
type I IFN as a critical inducer of Bst2 synthesis in neurons after
viral challenge.
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FIG 6 Bst2 is dispensable in vivo for survival after neuronal MV challenge.
Mice of the indicated genotypes were infected intracranially with 1 X 10* PFU
of MV-Edmonston.

Bst2 is dispensable in vivo for survival after neuronal MV
challenge. We hypothesized that the strong induction of Bst2 in
neurons after IFN exposure or viral challenge, as well as the reduc-
tion in MV release from Bst2 expressing 293T-Bst2 cells, might
imply a critical role for this molecule in maintaining neuronal
health by either contributing to an antiviral state or skewing the
virus toward a mechanism of interneuronal spread. This was as-
sessed following infection of various knockout mice. Bst2 KO
mice and IFNAR KO mice were backcrossed to NSE-CD46™ mice;
all F, and F; progeny were screened for CD46 and Bst2 or IFNAR
expression to ensure genotypes (data not shown). Adults were
then challenged with MV. Surprisingly, the absence of Bst2 did not
appreciably affect pathogenesis in vivo, while the absence of the
type I IFN receptor (IFNAR), as well as its downstream signaling
molecule Statl, resulted in early mortality after infection for ap-
proximately 10 to 30% of infected mice (Fig. 6 and data not
shown) (23, 34). All CD46/Bst2 KO mice survived infection,
whereas control NSE-CD46/Rag2 KO mice, deficient in mature
Band T cells, died as a consequence of unrestricted viral spread, as
previously reported (Fig. 6) (30, 35). Moreover, both NSE-CD46™
and NSE-CD46"/Bst2 KO mice maintained their weight through-
out the experiment, whereas NSE-CD46 " /Rag2 KO mice progres-
sively wasted until they were euthanized (data not shown). Taken
together, these data show that Bst2 is significantly induced in neu-
rons and highly dependent on type I IFN signaling but is ulti-
mately dispensable for survival after neuronal viral challenge in
vivo.

DISCUSSION

Our findings underscore the importance of considering cell type
specificity when evaluating antiviral responses. While both pri-
mary neurons and fibroblasts significantly upregulate Bst2 RNA
and protein in response to viral infection and IFN exposure, pri-
mary mouse hippocampal neurons do so to a much greater extent.
Although these neurons have low basal expression of many ISGs,
their induction is appreciable after viral infection. The role or
evolutionary advantage of lower homeostatic expression of key
signaling molecules in neurons remains to be clearly defined (31,
36). While the well-studied ISG product Bst2 was significantly
induced in primary neurons and in vivo, this protein appears to be
dispensable for survival after neurotropic infection. Induced Bst2
expression was capable of suppressing MV release in 293T-Bst2
cells, making the lack of an effect of Bst2 following CNS viral
challenge that much more surprising.

Previous studies from our laboratory, using mice deficient in
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the type I IFN receptor, IFNAR, or its downstream signaling mol-
ecule Statl, showed that functional type I IFN signaling is impor-
tant for the ability to survive a neuronal MV challenge in vivo, with
>25% of mice succumbing to infection, and all surviving animals
showing lasting signs of infection and neuropathology (23, 34).
While the Edmonston strain of MV fully activates type I IFN sig-
naling during infection, as opposed to wild-type (WT) strains, it is
clear that the loss of type I IFN signaling results in CNS pathogen-
esis. The confirmation of Bst2 as one of the most highly induced
ISG products in neurons led us to hypothesize that this gene may
be a key effector in preventing MV-induced death and CNS dis-
ease, though our subsequent experiments indicated that this is not
the case. It has been previously shown that the loss of Bst2 may
hinder the ability of certain viruses to gain entry to a host cell,
specifically influenza virus, vesicular stomatitis virus, and human
cytomegalovirus (37, 38). Bst2 can modulate the actin network
through a Rich2 complex, maintaining microvillus integrity (39).
As MV spreads transsynaptically in CNS neurons, this function of
Bst2 might help explain why Bst2 KO mice show no pathogenic
consequences after MV infection, and it may imply an actin-me-
diated mechanism of neuronal MV transmission.

It is increasingly clear that neuronal viral infections are re-
solved by the host immune response differently from infections of
renewable cells. Although perforin-mediated cell killing is a pri-
mary strategy to eliminate virus from rapidly dividing and renew-
able cell types, neurons are generally nonrenewable, and thus it
has been proposed that these cytolytic strategies may be more
harmful than beneficial within the brain. For a number of viral
model systems, it has been shown that cytokine-mediated, noncy-
tolytic strategies control many neurotropic infections (40-47).
These data suggest that the mechanisms by which viral infections
are resolved are exquisitely cell type specific and may reflect evo-
lutionary pressures to restrict an infection while minimizing cyto-
pathology and tissue damage. Even more, differences among neu-
ronal subpopulations may further stratify the response to a viral
infection, as was recently shown for West Nile virus (22). Our
studies underscore the need to consider cell type differences when
defining antiviral mechanisms; doing so may lead to more pre-
cisely tailored therapeutic strategies to resolve life-threatening vi-
ral encephalitic diseases.
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