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The brain has a tightly regulated environment that protects neurons
and limits inflammation, designated “immune privilege.” However,
there is not an absolute lack of an immune response. We tested the
ability of the brain to initiate an innate immune response to a virus,
which was directly injected into the brain parenchyma, and to de-
termine whether this response could limit viral spread. We injected
vesicular stomatitis virus (VSV), a transsynaptic tracer, or naturally
occurring VSV-derived defective interfering particles (DIPs), into the
caudate-putamen (CP) and scored for an innate immune response
and inhibition of virus spread. We found that the brain parenchyma
has a functional type | interferon (IFN) response that can limit VSV
spread at both the inoculation site and among synaptically connected
neurons. Furthermore, we characterized the response of microglia
to VSV infection and found that infected microglia produced type |
IFN and uninfected microglia induced an innate immune response
following virus injection.

vesicular stomatitis virus | VSV | brain | innate immunity | interferon

he brain has been described as a site of “immune privilege,”

owing to the differences between the systemic immune re-
sponse and that of the brain (1, 2). For example, intranasal in-
fluenza virus inoculation elicits T-cell priming and antibody
production, whereas no response is detectable following intrace-
rebral inoculation of the virus over the same time frame (3).
Similar observations have been made for the innate immune re-
sponse; lipopolysaccharide injection into the skin, but not the
brain, elicits monocyte recruitment within 2 h (4). Recent studies
have demonstrated that these differences are confined to the brain
parenchyma, which has a specialized immune environment that is
actively maintained, facilitated by compartmentalization of the
brain, and promoted by the blood-brain barrier (BBB) (1, 5).

The innate immune response provides a rapid defense against
infection by pathogens and enhances adaptive immune responses
(6). A prominent branch of the systemic innate immune response
that controls viral infection is the type I interferon (IFN) response.
Virus infection induces expression of IFN-stimulated genes (ISGs)
that interfere with viral replication and promote virus clearance.
The IFN response is triggered by the recognition of viral pathogen-
associated molecular patterns (PAMPs) by host-cell pattern rec-
ognition receptors (PRRs). In the canonical model for the type I
IFN response, IFN-p production and secretion are first triggered
by the recognition of viral PAMPs by PRRs. Then, IFN-f binds the
IFN-a receptor (IFNaR) in an autocrine and paracrine manner to
drive IRF7 gene expression and enable the full type I IFN response
upon viral spread or secondary infection (7).

Recent in vivo studies have provided evidence supporting the
induction of the type I IFN response in the brain by viruses. For
instance, infection of the brain by Theiler’s virus and La Crosse
virus (LACV) led to the production of type I IFN by ependymal
cells, macrophages, and neurons; however, only 3% of infected
neurons expressed type I IFN (8). A similar study with LACV
found nearly no type I IFN-expressing neurons but rather that glia
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expressed type I IFN (9). In addition, other innate immune pathways,
such as the type IT and IIT IFN responses (10, 11), and inflammation
(12), are activated by viral infection. These observations suggest
a great deal of complexity in the brain’s response to viral infection
and raise several issues in need of clarification. For example,
which cell types mount a particular type of innate immune re-
sponse and how different cell types respond to different innate
immunity signals need to be clarified. Perhaps of most impor-
tance, however, is whether the immune-privileged parenchyma
can limit virus spread through an innate immune response. We set
out to answer this question as well as to explore the type of innate
immune pathways that are activated in response to viral infection.

We tested whether the brain parenchyma can initiate an innate
immune response that is capable of restricting the spread of a model
neurotropic virus, vesicular stomatitis virus (VSV). VSV is the
prototypic nonsegmented negative-strand RNA virus and has been
used extensively to study the systemic innate immune response,
which promotes its rapid clearance (13, 14). VSV was selected
because it has a characteristic transsynaptic anterograde trans-
mission pattern among neurons and is straightforward to track, as
it can be engineered to express eGFP (15). As the spread of wild-
type (WT) VSV is not well-controlled in the mouse brain and can
rapidly lead to mortality (16), we sought to provide the host with a
“head start” in the induction of an innate immune response fol-
lowing infection. This provided a sensitized system for detecting
and measuring the effects of a host response on viral replication
and transsynaptic transmission. For this purpose, we introduced
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naturally occurring VSV-derived defective interfering particles
(DIPs). DIPs have been found in the sera of patients during
multiple viral infections and in viral vaccine strains. At least in a
subset of infections, it has been posited that DIPs promote anti-
viral host responses, and in cultured cells, DIPs can stimulate an
innate immune response (17). The inhibition of WT VSV repli-
cation by DIPs is well established and thought to occur in coin-
fected cells due to the more rapid replication of the short DIPs’
genomes compared with the much longer full-length viral genome.
Coinjection of DIPs with full-length virus into the nose (18) and
brain (19) has been reported to extend the survival of mice, with
protection corresponding to the subsequent detection of DIPs’
genomes (20). However, whether this effect was solely due to di-
rect inhibition of VSV replication, or whether induction of an
innate immune response by DIPs played a role, has not been fully
explored. We used DIPs as a tool to probe for the promotion of an
effective antiviral innate immune response in the brain. We found that
DIPs could incite a paracrine response from the parenchyma
that can limit the transsynaptic spread of VSV and determined
that this response required the type I IFN pathway. In addition,
we analyzed the response of microglia to VSV infection in vivo.
Microglia are believed to be the major resident cell type to
mediate innate immune responses within the brain (5, 10, 12, 21).
We found that infected microglia produce type I IFN and that
uninfected microglia are primed for a full type I IFN response in
the context of brain infection.

A greater understanding of the brain parenchyma’s response to
infection by a neurotropic virus should inform several areas of re-
search and perhaps lead to improvements in therapies. Neurotropic
viruses are increasingly used as transsynaptic tracers (22) but only
label a fraction of the connections of infected neurons (23, 24). The
data presented here raise the possibility that innate immunity is at
least one factor that contributes to this inefficiency. In addition, the
potential neurotropism of vaccines, including VSV-based vaccines
(25), has raised concerns, even when there is a desperate need—for
example, for Ebola vaccines (26). Finally, a greater understanding
of virus-host interactions in the brain might enable the stimulation
of a more effective response in the unfortunate cases of naturally
occurring viral infections of the brain (27).

Results

Generation of Recombinant VSV-eGFP and Recombinant VSV DIPs for
in Vivo Use. DIPs are infectious replication-defective particles that
are generated by spontaneous genome deletions during the pas-
saging of replication-competent parent viruses. DIPs have trun-
cated genomes, smaller viral particle size, and can interfere with
replication of the parent virus. We wished to use DIPs to test the
response of the immune system to viral particles because DIPs
have been shown to be potent stimulators of the innate immune
response (17). This potency likely results from the inability of
DIPs to shut off host transcription, including IFN induction, as is
achieved by the parent virus (28). We first generated relatively
pure stocks of recombinant (r) VSV-eGFP, with eGFP in the first
genome position, and rVSV-derived DIPs (Fig. S1 4 and C)
(29-33). We used negative-stain transmission electron microscopy
(TEM) to examine each stock (Fig. S1 B and D). We did not
observe any DIPs in the purified rVSV-eGFP preparations and
observed that the DIPs preparations had <0.1% full-length parti-
cles. Previous studies have shown that coinjection of DIPs with WT
VSV into the brain delays mortality and reduces viral titers (19)
but did not define the injection sites within the brain. To test
whether DIPs could directly inhibit VSV propagation in immu-
nologically distinct locations within the brain, we coinjected DIPs
with rVSV-eGFP into the caudate—putamen (CP) or ventricles and
evaluated the expression of eGFP in the brain at 3 d postinfection
(dpi) (Fig. S1 E and F). As has been seen with work conducted in
cell culture (34) and in vivo (18, 19), r'VSV-eGFP propagation was
indeed inhibited by DIPs in both locations.
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rVSV-eGFP Spread Was Reduced by Contralateral Injection of DIPs in
the Brain. DIPs were used to test whether infectious particles can
induce paracrine signaling capable of limiting virus infection and
spread in the brain parenchyma. The infection and spread of
replication-competent rVSV-eGFP was quantified. The CP was
chosen as an inoculation site due to its unidirectional, anterograde
connections to the globus pallidus (GP) and basal nuclei (NB) (15).

DIPs or PBS were injected into the right CP 1 d before rVSV-
eGFP inoculation into the left CP. Sagittal sections were made
from tissue collected at 3 dpi with rVSV-eGFP (Fig. 14), and virus
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Fig. 1. Effect of contralateral injection of DIPs on rVSV-eGFP spread.
(A) Timing and infection sites for injection of DIPs and rVSV-eGFP into the CP
are indicated. Effect of contralateral injection of DIPs on rVSV-eGFP spread
was tested. DIPs and rVSV-eGFP stocks were diluted, and 100 nL (170 ng) of
DIPs or PBS was injected on day 1 and 100 nL (2,000 pfu) of rVSV-eGFP was
injected on day 2. Sagittal sections were made at 3 dpi. (B) Metrics for
analysis are illustrated (Top). Graphs display means + SEM for each metric
and condition. n PBS = 5 and n DIPs = 4. Unpaired two-tailed Student’s t test,
*P <0.05, **P < 0.01. (C) Representative images of sagittal sections with the
MDAS and Insets of anterograde spread from these sections are presented.
Inset locations are indicated by dotted red line on sagittal sections.
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Fig. 2. Effect of type I IFN coinjection on rVSV-eGFP spread. (A) Timing and
infection site for injection of rVSV-eGFP with or without IFNa-A/D into the CP
are indicated. rVSV-eGFP stocks were diluted in either PBS or PBS with a final
concentration of 8 x 10°> U/mL of IFNa-A/D. A volume of 100 nL (2,000 pfu) of
each was injected into the CP, and infection was allowed to proceed for 3 d.
(B) Graphs display mean + SEM for each metric and condition. n PBS = 3 and
n IFNa-A/D = 4. Unpaired two-tailed Student’s t test, *P < 0.05, **P < 0.01. (C)
Representative images of sagittal sections with the MDAS and MACS shown
and Insets of anterograde spread from these sections are presented. Inset
locations are indicated by dotted red line on sagittal sections.

infection was scored using three metrics: maximum distance of
anterograde spread (MDAS), maximum area of CP spread
(MACS), and lateral spread (LS) (Fig. 1B). These metrics were
chosen to allow relative quantification of infection and transmission
throughout the initial inoculation site (MACS and LS) and trans-
mission to more distant sites (MDAS) (Fig. 1B). MDAS was mea-
sured from the center of the infected CP area to the cell body of the
furthest labeled anterograde cell. This metric likely assesses only

Drokhlyansky et al.

transsynaptic transmission events. MACS allowed for quantification
of spread within the initial inoculation site. It was determined by
scoring the largest labeled area for each animal following review of
all sagittal sections. LS was scored as the number of labeled sections
spreading from the CP infection site. It encompasses spread within
the parenchyma. MACS and LS likely encompass initial infection of
neuronal and nonneuronal cells as well as transmission events within
the inoculation site.

Preinfection by DIPs in one hemisphere limited the spread of
rVSV-eGFP introduced into the contralateral hemisphere com-
pared with PBS, with MDAS and LS reduced by ~35% and
~60%, respectively (Fig. 1 B and C); MACS was not significantly
reduced (Fig. 14 and Fig. S2). Taken together, these data indicate
that the brain can mount an effective and rapid antiviral response
to limit the spread of a neurotropic virus, including limiting
transsynaptic transmission.

Type | IFN Can Limit rVSV-eGFP Spread. To define the mechanism by
which the brain limited virus spread, we investigated the activity of
type I IFN. The type I IFN response limits virus spread following
iv. VSV inoculation; homozygous IFNaR-null animals show sig-
nificant VSV infection in multiple organs, including the brain. In
contrast, animals with a defective type II IFN response do not
have increased susceptibility to systemic VSV infection (14).

IFN-aA/D, known as universal type I IFN, is an IFN-o hybrid
that elicits a type I response and is active in multiple species (35).
We coinjected recombinant IFN-aA/D (80 units) and rVSV-eGFP
(2,000 pfu) into the CP and scored viral spread at 3 dpi (Fig. 24).
Coinjection was used to directly assay the effect of type I IFN on
rVSV-eGFP spread in the parenchyma. The MDAS, MACS, and
LS were significantly reduced (Fig. 2 B and C), indicating that the
type I IFN response elicited by IFN-aA/D coinjection limited both
distant transsynaptic and local spread of rVSV-eGFP.

A Type | IFN Pathway Inhibitor Mixture Reduces Inhibition of rVSV-
eGFP Spread by Contralateral DIPs. To test whether DIPs initiated a
type I IFN response and, if so, whether it was responsible for the
observed inhibition of VSV spread (Fig. 1), we targeted both IFN
gene expression and IFNaR signaling through the use of an in-
hibitor cocktail, comprising BX-795, CP-690550, and INCB018424.
BX-795 inhibits TBK1/IKKe phosphorylation and subsequent
IFN-p production (36). INCB018424 and CP-690550 inhibit
JAK1-3 and prevent downstream signaling from the IFNaR (37, 38).
DIPs were coinjected into the CP with the inhibitor mixture 1 d
before injection of rVSV-eGFP into the contralateral CP (Fig.
34). DIPs alone were injected in parallel as a positive control.
PBS preinjection was used as a negative control (Fig. 34). As
observed previously, DIPs preinjection significantly reduced the
MDAS and LS compared with PBS (Fig. 3 B and C and Fig. S3).
In contrast, coinjection of the inhibitor mixture with DIPs ame-
liorated the inhibition by DIPs on rVSV-eGFP spread (Fig. 3 B
and C). These data, taken together with the ability of IFN-aA/D
to inhibit spread, suggest that DIPs induce the type I IFN path-
way, which restricts virus spread.

IFN«R Is Required for DIP-Mediated Inhibition of rVSV-eGFP Spread. A
mouse with deletion of the type I IFN response was available to
directly test the requirement of this pathway for DIP-mediated
inhibition. As the IFNaR is the only identified type I IFN receptor,
a mouse strain homozygous for the IFNaR-null allele was used for
this test (14). The right CP of IFNaR”° mice was injected with
DIPs or PBS 1 d before rVSV-eGFP inoculation into the left CP.
WT mice were injected in parallel with PBS and then rVSV-eGFP
as a reference for virus spread. DIPs did not have a significant effect
on rVSV-eGFP spread in IFNaR”" animals (Fig. 4), indicating that
DIPs exert a paracrine restriction on rVSV-eGFP spread through
the induction of the type I IFN response.
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Effect of inhibitor cocktail (IC) on DIP restriction of rVSV-eGFP spread. (A) Timing and infection sites for injection of DIPs, inhibitor cocktail (IC; BX795,

CP-690550, and INCB018424), PBS, and rVSV-eGFP into the CP are indicated. Effect of IC on DIPs’ restriction of rVSV-eGFP spread was tested. A volume of 100 nL of
either PBS, DIPs (170 ng), or DIPs with IC (0.13 mM for BX795, 0.27 mM for CP-690550, and 0.27 mM for INCB018424) was injected on day 1. Then, 100 nL of rVSv-
eGFP (2,000 pfu) was injected on day 2. Tissue was examined at 3 dpi with rVSV-eGFP. (B) Graphs display means + SEM for each metric and condition. n DIPs = 3,
n PBS = 4, and n DIPs+IC = 4. ANOVA with Dunnett’s multiple comparison post test; *P < 0.05; ns, not statistically significant. (C) Representative images of sagittal
sections with the MDAS and Insets of anterograde spread from these sections are presented. Inset locations are indicated by the dotted red line on sagittal sections.

The difference in the amount of eGFP labeling between WT
and IFNaR"° animals was significant with more than double the
MACS virus labeling in IFNaR” animals compared with WT
controls following PBS preinjection (Fig. 4 A and C). Although the
MDAS and LS for the two genotypes were not significantly dif-
ferent, we asked whether there were more infected cells at the
furthest site of anterograde spread, in correlation with the MACS
values. Indeed, we observed 17 + 9 cells in WT animals and 39 + 2
cells in IFNaR”” animals (mean + SEM, cells at MDAS site on a
single section) (Fig. 4). The difference observed in rVSV-eGFP
spread between these two genotypes indicates that WT animals
restrict r'VSV-eGFP spread through the type I IFN response, even
without prestimulation by DIPs.

Evaluation of the Response Within Microglia Following Infection with
DIPs and rVSV-eGFP. Innate immune signaling pathways are acti-
vated in microglia by infections of the brain (10), during neuro-
degeneration (12), as part of neuropsychiatric disorders (39), and
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following systemic pathogenic stimuli (12). In addition, LACV has
been found to elicit IFN production by microglia. However, sur-
prisingly, many IFN-producing cells were observed near infected
cells but were not themselves obviously infected (9). Additionally,
lymphocytic choriomeningitis virus (LCMYV) infection elicits
changes in microglia morphology to an activated ramified struc-
ture (40). Here we evaluated the rapid response of both infected
and uninfected microglia to infection.

To test the response of microglia, we injected PBS, DIPs, or
rVSV-eGFP into the CP and then isolated microglia and exam-
ined expression of candidate genes. rVSV-eGFP was used in ad-
dition to PBS and DIPs, because eGFP would label infected cells
and allow for a comparison of infected versus uninfected cells.
Infection proceeded for 14-18 h before tissue harvest (Fig. 54).
Due to this short time window, 10° pfu of rVSV-eGFP were used
to obtain adequate numbers of labeled and infected cells. Histo-
logical examination of infected tissue following infection with 10° pfu

Drokhlyansky et al.
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Fig. 4. Effect of contralateral DIP injections on rVSV-eGFP spread in IFNaR”° mice. (A) The effect of contralateral DIPs on rVSV-eGFP spread in IFNaR%° mice
was assessed. A volume of 100 nL of either DIPs (170 ng) or PBS was injected on day 1, and 100 nL of rVSV-eGFP (2,000 pfu) was injected on day 2. Infection
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DIPs = 5. ANOVA with Dunnett’s multiple comparison post test, *P < 0.05. (B) As the MACS was different between WT and IFNoaR?° mice, the number of
anterograde cells infected at the furthest distance on the section with the MDAS was assessed. Two-tailed Student’s t test, *P < 0.05). (C) Representative
images of sagittal sections with the MACS and MDAS and Insets of anterograde spread from these sections are presented. Inset locations are indicated by the

dotted red line on sagittal sections.

rVSV-eGFP indicated modest infection with no obvious spread
beyond the CP (Fig. 5B).

Microglia were isolated using a discontinuous gradient followed
by fluorescent activated cell sorting (FACS) of CD11b*FCRLS*
cells (41); ramified microglia in the central nervous system (CNS)

Drokhlyansky et al.

are CD11b", and FCRLS is uniquely expressed by microglia (41).
Microglia-enriched populations from all three injection conditions had
similar CD11b and FCRLS FACS profiles (Fig. 5C). CD11b*FCRLS*
microglia from rVSV-eGFP-infected brains were further sepa-
rated into eGFP* and eGFP~ populations (Fig. 5C). To test for
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the effectiveness of the isolation procedure, CD11b*FCRLS*
cells were evaluated using quantitative PCR (qPCR) for Mertk,
Gpr34, and eGFP (Fig. 5C). Mertk and Gpr34 are highly enriched
microglial genes with minimal, if any, expression in either organ-
specific macrophages or other immune cells (41). Mertk and Gpr34
expression levels in microglia isolated from different injection
conditions were similar, indicating that the isolated microglia were
not differentially diluted by other cell types among the different
experimental conditions. High eGFP expression was detected only
in Cd11b*FCRLS*eGFP* cells and not in Cd11b*FCRLS eGFP~
cells from rVSV-eGFP-infected brains. CD11b*FCRLS* cells
from PBS or DIP-injected brains did not show any eGFP expression,
which indicated that eGFP™ cells were indeed infected (Fig. 5C).
Expression of IFN-f and IRF7 was selected for analysis in iso-
lated microglia because IFN-f is an early marker of innate immune
activation and IRF7 is a master regulator of the type I IFN response
(42). Injection of DIPs and rVSV-eGFP led to increased expression
of IRF7 in microglia compared with PBS but induction of IFN-$
only in the infected eGFP* microglia (Fig. 5D). GFP~ and DIP-
infected microglia did not have a significant difference in IFN-j
expression compared with PBS-injected animals (Fig. 5D). It is
likely that /FN- induction was not detected following DIP injection
because signal from infected cells was diluted by uninfected cells.
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To further investigate the induction of the type I IFN response, the
expression of several known ISGs—Rsad2, Cxcl10, and Oasla—was
assayed (43). Compared with PBS injection, DIPs led to an in-
duction in Rsad2 (Fig. 5D). rVSV-eGFP led to an increase in
expression of Rsad2 and Cxcl10 in eGFP* cells. For eGFP™ cells,
Rsad?2, but not Cxcl10, showed a significant increase in expres-
sion (Fig. 5D). For Oasla, the average was higher following DIP
and rVSV-eGFP injection than the PBS control, but significance
was not reached due to variability between animals (Fig. 5D). It
is likely that we observed greater induction of ISGs in infected
cells than uninfected cells following rVSV-eGFP injection be-
cause Rsad2 and Cxcl10 expression can also be driven by IRF3
following PRR activation (44).

In addition to testing induction of the type I IFN response, we
sought to investigate activation of an antiviral response through a
parallel transcription pathway. In the canonical model for RNA
virus detection by host cells, the RIG-I-like receptor (RLR)
family activates the NF-xB family of transcription factors, in ad-
dition to IRFs (45). NF-kB is not necessary for I/FN-f expression
but does drive ILI$ expression (45, 46). In tissue-resident mac-
rophages, viral infection drives inflammation through IL15 (46),
and in the CNS, IL1p up-regulation in microglia is a marker of
inflammation (47). Observation of ILIf expression in infected
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microglia would provide additional evidence of virus activation of
an innate immune response. /L1f expression was up-regulated in
eGFP* microglial cells compared with PBS injection (Fig. 5D).

The molecular characterization of gene expression following
inoculation of the brain with DIPs and rVSV-eGFP demonstrated
that the type I IFN response was activated in a CNS resident cell
type. Microglia directly infected by virus-produced IFN-fg. IRF7
was up-regulated in both infected and uninfected cells following
inoculation of the brain with DIPs and rVSV-eGFP. A down-
stream response to type I IFN was also observed in both infected
and uninfected microglia. Furthermore, up-regulation of ILIf in
infected cells raises the possibility of other innate immune path-
ways acting in parallel to the type I IFN response.

Discussion

The data presented here show that the brain parenchyma can di-
rectly mount a functional innate immune response that can limit
virus spread. Furthermore, this study demonstrates that a CNS
resident cell type, microglia, can produce type I IFN in response to
viral infection and that the type I IFN pathway can limit viral spread.

Use of a Transsynaptic Virus and Well-Defined Circuitry to Study the
Brain Parenchyma’s Innate Immune Response. We were able to
evaluate the effectiveness of the antiviral response mounted within
the brain parenchyma by exploiting the characteristics of a trans-
synaptic virus and the well-defined connections of the basal gan-
glia (15). This approach enabled the histological identification and
quantification of the types of cells that were infected, which in-
cluded neurons infected by transsynaptic spread. The ability to
trace transsynaptic spread among neurons was crucial to the in-
terpretation of these results, as the brain has complex structural
intersections with both the lymphatic and vascular architecture.
The meninges of the brain include lymphatic vessels that carry
immune cells (48). The choroid plexuses are located within the
ventricles and have a rich blood supply, located between the
blood-brain and blood-ventricle barriers (1). The presence of
these tissues within the brain prevents evaluation of virus spread
among neurons and glia using methods such as titration of virus
from homogenized tissue or qPCR for viral genes (14, 43, 49)
because such methods cannot differentiate between virus load in
CNS and non-CNS tissues. The presence of these structures also
prevents conclusions regarding CNS innate immunity following
peripheral infections, because peripheral infections can pass
through both the brain’s vasculature and lymphatics, and these
structures can mount innate immune responses (1).

Intranasal instillation of VSV has been used historically, and
more recently, to probe the effects of host and viral factors on
virus spread into the nervous system (16, 18, 50). Several recent
studies used this approach to probe the brain’s innate immune
response to virus (49, 51). Intranasal application of virus is tech-
nically simpler than intracerebral stereotactic injection and has the
advantage that it interrogates a route of infection that may be a
natural one. However, in terms of dissecting the specific responses
of the CNS, it has several limitations arising from developmental
and anatomic complexity. The nervous system has clear divisions
into the central and peripheral nervous systems, based on de-
velopmental history. The olfactory nerve derives from cells that
originate in the olfactory placode, which places it in the peripheral
nervous system, in contrast to the derivatives of the neural tube,
which comprise the CNS (52). This means that the initial innate
immune responses and virus replication following intranasal in-
fection are not attributable to the CNS. In addition, the olfactory
nerve passes through the meninges at the cribriform plate, which
provides a connection between the subarachnoid space and the
nasal mucosa lymphatics (53). This structural complexity allows
for signaling and virus propagation within non-CNS sources
proximal to the brain. These features may account for the failure
of intranasal infection to recapitulate intracerebral infection, as
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originally reported by Sabin and Olitsky (16), and then confirmed
by Stevenson et al. (3).

The advantage of the approach taken here is that it is able to
provide an unambiguous conclusion regarding the ability of the
brain parenchyma to limit virus spread through an innate immune
response. Importantly, this approach allows for the characteriza-
tion and quantification of virus transmission and spread from a
consistent and precise injection site within the parenchyma and
identifies virus spread among neurons in well-defined circuitry.
The approach and techniques used here are straight-forward and
should allow further dissection of the mechanisms used by the
brain in vivo to limit viral spread as well as the mechanisms used
by neurotropic viruses to evade this response (54).

The Type | IFN Response Can Limit Virus Spread Within the Brain
Parenchyma and Among Neurons. Previous studies have demon-
strated that viral infection can stimulate expression of ISGs and
proinflammatory cytokines in cultured CNS cells and in the brain
(8, 10, 55, 56) and that both neurons and glia are responsive to
IFN treatment (57-59). Additionally, studies tracking virus spread
into the brain from peripheral sites of inoculation have highlighted
the importance of the innate immune response in preventing high
virus load within the brain (14, 50, 60, 61). However, there have
been no studies that resolved whether an innate immune response
mounted within the brain parenchyma can limit viral spread, es-
pecially along neuronal circuitry. Studies using in vitro-cultured
neurons have attempted to address whether an innate immune
response can restrict virus spread among neurons but produced
conflicting results, including for VSV (57, 58). These previous
studies raised the issue of whether virus spread among neurons in
the immunologically distinct parenchyma can be limited by the
innate immune response.

The data presented here strongly support a model in which a
paracrine type I IFN response initiated within the brain can limit
virus spread among CNS neurons in vivo. The difference in viral
spread between WT and IFNaR-null mice indicates that rVSV-
eGFP spread is normally limited in WT mice by the type I IFN
pathway. Type I IFN may also be sufficient to limit viral spread, at
least in part, as injection of recombinant IFNaA/D showed a sig-
nificant, but not complete, inhibition of viral spread. Other innate
immune pathways, such as the type II IFN response and inflam-
mation, may act in concert with the type I IFN response to restrict
virus spread (62). This possibility is supported by our observation
that infected microglia have increased levels of IL-1p expression,
which can be involved in inflammation.

Use of DIPs to Attenuate Virus Spread. The existence of DIPs has
been known for quite some time, yet little is known about their in
vivo activity in relation to replication-competent, full-length virus
(28). The data presented here indicate that DIPs can inhibit r'VSV-
eGFP propagation by direct coinjection, as has been previously
shown by other metrics (18, 19), and through paracrine signaling
across the brain. These results inform studies regarding the de-
velopment of viral vaccines and the potential role(s) of DIPs in
inducing immunity. A variety of live-attenuated virus vaccines have
been found to contain DIPs or RNA from DIPs, leading to the
hypothesis that DIPs can contribute to the efficacy of some vac-
cines (28). Contributions could include attenuation of virus repli-
cation through direct interference, or through the stimulation of
innate immune pathways, to facilitate stronger adaptive responses
(28). Data presented here support both of these possibilities.

Microglia Response to Virus Infection. Recent studies have started to
reveal the important role of microglia in maintaining CNS health
and in mediating disease pathology (10, 21, 47). We found that
infected microglia produce type I IFN. Furthermore, microglia
that are not infected express increased levels of IRF7. This ob-
servation is in agreement with previous work that indicated an
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increase in /RF7 expression in the brain following LCMYV infection
(56). The observation of paracrine IRF7 induction is interesting
because the CNS has been reported to not contain cells with high
constitutive /RF7 expression (8). In contrast, in the periphery,
plasmacytoid dendritic cells express constitutively high IRF7 levels
and, together with lymph node macrophages, produce the majority
of type I IFN following VSV infection (13). Analogously, in the
brain, it is possible that a rapid IRF7 response is necessary to prime
cells for a full type I IFN response upon virus spread from infected
cells. These observations suggest that the type I IFN response in
the brain parenchyma may be similar to that of the periphery.
Subsequent work will need to be carried out to further elucidate
the parallels and the differences between the rapid innate immune
responses of the brain and periphery to virus infection.

Recent work has also indicated that expression of innate im-
mune genes such as IRF7 increases in microglia with age in a re-
gion-specific manner, including the striatum (63). Additionally, the
spread of VSV along CNS circuitry is more robust in younger
animals compared with older ones (64). Taken together, it is likely
that the innate immune response of the brain parenchyma develops
with age. It would be of interest to characterize these changes in
future studies and determine their effects on virus infection and
spread.

Future Directions

With constantly improving technology for the analysis of single
cells (65, 66), it will soon be possible to evaluate the brain’s full
antiviral innate immune response. Additionally, in combination
with genetically modified animals, and perhaps in vivo imaging
(40), it will be possible to dissect the cellular mechanisms by which
viruses are detected in the brain as well as the immune responses
that are elicited. It also will be interesting to interrogate the brain’s
response to different types of viruses, which have evolved different
mechanisms to combat the immune system in the arms race be-
tween pathogens and hosts (67).

Materials and Methods

Virus Production.

rVsV-eGFP. Generation, concentration, and titration of rVSV-eGFP were carried
out as previously described (68). Serial tissue culture passage of virus stocks was
avoided to prevent an accumulation of novel mutations in the genome. Gra-
dient-purified preparations had titers between ~10'° and 10" pfu/mL.
Defective-interfering particles from natural truncations. This protocol was designed
to optimize the ratio of naturally truncated DIPs to full-length replication-
competent virus for production of a purified DIP preparation. rVSV WT was
passaged on BSR T7/5 cells at a multiplicity of infection (MOI) of 100 for four
passages to yield supernatant 1, which comprised 90% DIPs and 10% full-
length VSV, as evaluated by TEM. Supernatant 1 was then optimized for
growing DIPs; a range of 0-100 pL of supernatant 1 was combined with an MOI
of 10 of rVSV WT to infect 70-90% confluent BSR T7/5 cells seeded in a flat-
bottom 12-well plate (Corning). The supernatants from this 12-well dish were
harvested and are referred to as supernatants 2. As DIPs interfere with the
replication of WT VSV, an assay was devised to titer interference induced by
each supernatant 2 to allow for the optimal ratio of DIPs to VSV for a prep-
aration of DIPs to use for in vitro amplification. We combined 5 pL of each
supernatant 2 with an MOI of 10 of rVSV WT to infect 70-90% confluent BSR
T7/5 cells seeded in a flat-bottom 12-well plate. Then, at 8 hpi, the infected
cells were evaluated by phase contrast microscopy for cytopathic effects. The
well with the least cytopathic effect was the one deemed to have the most
DIPs. As a negative control for DIPs, the well derived from no supernatant 1
combined with rVSV WT had minimal defective particles and thus the most cell
death. From these titrations, the optimal amount of supernatant 1 was chosen,
and a scaled-up preparation was made with 5.3 mL of supernatant 1 and rvVSsV
(MOI of 10) in a T1000 flask (Corning) with 70-90% confluent BSR T7/5 cells.
The resulting viral preparation was used to prepare the DIPs through a gradient
purification. Ultimately, DIPs were resuspended in PBS with 50 mM Hepes, pH
7.4, and diluted to a titer of ~10° pfu/mL and a concentration of 8.4 mg/mL,
aliquoted, and frozen at -80 °C. It is likely that the DIPs had a virus equivalent
of at least 5 x 10°-5 x 10" particles per mL as the ratio of DIPs to longer virus
particles was >1,000:1 by negative-stain TEM and because longer particles have
a particle/pfu ratio ranging between 1/50 and 1/500 (69).
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Sucrose gradient purification of rVSV-eGFP. This method is previously described
(70). Briefly, a 70-90% confluent T-1000 flask (EMD Millipore) of BSR T7/5 cells
was infected with an MOI of 3 of rVSV-eGFP in serum-free DMEM (Thermo
Fisher Scientific). After 1 h, media was replaced with DMEM supplemented
with 2% FBS and 50 mM Hepes, pH 7.4. Infection was allowed to proceed for
18-24 h. When cytopathic effects were apparent, supernatant was collected,
centrifuged at a low speed to remove debris, and passed through a 0.45-um,
100-mL filter (Corning). Virus was then pelleted by ultracentrifugation for
90 min at 4 °C at 17,200 rpm in a SW-28 rotor or 17,700 rpm in a SW-32 rotor
(Beckman Coulter). Pellets were allowed to resuspend at 4 °C overnight in a
total volume of 1 mL NTE (10 mM Tris, pH 7.4, 100 mM NacCl, 1 mM EDTA).
Resuspended virus was transferred to a 1.5-mL tube and centrifuged for 1 min
at 13,000 rpm (~17,900 x g) in a tabletop microcentrifuge to clear large virus
clumps. Next, supernatant was loaded onto a linear 15-45% (wt/vol) sucrose
gradient prepared in NTE. The gradient was centrifuged for 5 h at 4 °C at
25,000 rpm in a SW-41 rotor (Beckman Coulter). A needle and syringe were
used to puncture the tube and remove the virus band. The DIPs band
appeared 1/4 down the gradient, and the rVSV-eGFP band appeared 2/3 down
the gradient. Virus and sucrose were diluted 1:4 with NTE and ultracentrifuged
for 1 h at 4 °C at 41,000 rpm in a SW-55 rotor (Beckman Coulter). The pellet
was resuspended in 0.25-1 mL of PBS supplemented with 50 mM Hepes, pH 7.4
and then aliquoted and frozen at —-80 °C until use. After freezing, virus was
thawed and titered using a plaque-forming assay on VERO cells. Freeze-thaw
cycles of virus were kept to a minimum.

Negative-stain TEM. Virus was adhered to glow-discharged carbon and For-
mvar-coated copper grids and stained with 1% (wt/vol) phosphotungstic acid in
H,0, pH 7.5. Imaging was performed using either a JEOL 1200EX - 80 kV (JEOL
USA) or Tecnai G? Spirit BioTWIN (FEI) transmission electron microscopes.

Mouse Strains. Male 8-9-wk-old C57BL/6J mice (000664; The Jackson Labo-
ratory) and IFNaR”® mice (032045-JAX; MMRRC) were used for experiments,
which were approved by the Longwood Medical Area Institutional Animal
Care and Use Committee. Breeding was conducted in biosafety containment
level 1 conditions and infections in biosafety containment level 2 conditions.

Mouse Injections. All experiments were performed using 8-9-wk-old male
animals to control for age- and sex-dependent variations (71, 72). Animals
were injected using a stereotaxic instrument (Narishige International USA)
and pulled capillary microdispensers (Drummond Scientific) using the fol-
lowing coordinates for the CP: A/P, 1 from bregma, L/M, 1.8; D/V, —-2.5. In-
jection volumes were 100 nL and contained either PBS, rVSV-eGFP with/
without IFN-aA/D (14401-100KU; Sigma-Aldrich), or DIPs with/without IC.
rVSV-eGFP stocks were diluted in PBS to a concentration of 2 x 107 pfu/mL,
which resulted in 2 x 10° pfu per injection of 100 nL. For rVSV-eGFP injec-
tions with IFN-aA/D, 1 x 108 pfu/mL rVSV-eGFP was diluted 1:5 in 1,000 U/uL
IFN-0A/D, leading to a final concentration of 2 x 107 pfu/mL for virus and
800 U/uL for IFN-aA/D. For DIPs, stocks were diluted 1:5 in either PBS or PBS
with the inhibitor mixture, leading to a final concentration of 1.7 mg/mL,
which resulted in 170 ng injected in a volume of 100 nL. The inhibitor mix-
ture was composed of (i) BX795 (tIrl-bx7; InVivoGen), which was diluted to a
stock concentration of 10 mM in DMSO; (ii) CP-690550 (tlrl-cp69; InVivoGen),
which was diluted to a stock concentration of 20 mM in DMSO; and (iii)
INCB018424 (tlrl-rux; InVivoGen), which was diluted to 20 mM in DMSO. For
injection, all three inhibitors were combined in a ratio of 1:1:1, and this
mixture was then diluted 1:20 in PBS to obtain a working stock. Then DIPs
were combined in a ratio of 1:5 with the working stock.

All initial DIPs and IFN-aA/D experiments were performed double-blinded.
The scientist performing injections was blinded as to what was injected, and
the scientist sectioning, imaging, and performing analysis was blinded to the
condition until after all analyses were completed.

Tissue Processing and Preparation. Perfusion was performed and brains were fixed
in 4% paraformaldehyde (wt/vol) (in PBS) overnight at 4 °C. The tissue was se-
quentially passed through PBS solutions containing 7.5%, 15%, and 30% (wt/vol)
sucrose (in PBS). The tissue was kept at 4 °C in each sucrose solution between 2 h
and 24 h until it lost buoyancy and sank in the solution. It was subsequently
flash-frozen in optimum cutting temperature compound (4583; VWR) using an
ethanol and dry ice bath. Frozen tissue was stored at —80 °C until it was sec-
tioned. Tissue sections were taken at 50 pM using a Leica CM 3050S cryostat
(Leica). The entire brain was sectioned, and all sections were collected, mounted
on slides, and DAPI-stained.

Microscopy. All sections were screened using a Nikon Eclipse E1000 upright
epifluorescent microscope and a 4x N.A. 0.13 dry objective. Sections containing
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the most significant spread were imaged for quantification. All sections for
quantification within a given experimental group were imaged using the same
settings and on the same day. All images for quantification were obtained
using an inverted Zeiss LSM780 microscope (Carl Zeiss AG) with 405-nm and
488-nm lasers and a 10x N.A. 0.3 Zeiss Plan Neofluardry objective. Image
montages were obtained using either the Zeiss LSM780 microscope and 10x
objective or a Keyence BZ-9000 microscope and Nikon PlanApo 4x N.A. 0.20
dry objective lens (Nikon).

Quantification. Quantification was performed on multiple imaged sections for
each brain, as it was not possible to determine the correct sections to score for
MDAS and MACS by eye. FlJI (73-76) was used for all analyses. The Bio-Formats
plugin (77) was used to import all images. The background was measured in
three consistent and separate areas near the CP for each image, and values
were averaged. To determine MACS, the threshold for signal was set to three
times the mean background, and the “Analyze particles” function was used to
determine “Regions of Interest” (ROIs). The ROl encompassing the area of virus
injection was selected, and the following measurements were taken: (i) Area to
provide MACS and (ii) Centroid to provide the average x and y coordinate for
all of the pixels measured. If the Area included extensive axons beyond the CP,
these were excluded using the “Freehand selections tool” and followed by the
“Analyze Particles” function within the defined area and subsequent ROI
measurement for Area. Next a straight line was drawn from the centroid to the
furthest infected anterograde cell body to determine the MDAS. Once the line
was drawn, the “Measure” function was used to calculate the distance. The
greatest MACS and MDAS for each animal are the data presented.

To quantify the LS, the number of eGFP-positive sections was counted for
each animal. This quantification included spread within the CP and excluded
any spread through the ventricles. Spread through the ventricles was deter-
mined by clear eGFP labeling reaching the ventricles from the CP and the
presence of eGFP-positive ventricles lateral to the infection site.

For quantification of the number of infected anterograde cells, the section
with the largest MDAS was selected for each animal. The number of green cell
bodies at the furthest anterograde site was counted by eye within this section.

Mouse Microglia Isolation and Sorting. Microglia isolation and sorting was
performed as previously described (41). Briefly, mice were transcardially per-
fused with ice-cold Hanks' Balanced Salt Solution (HBSS), and brains were
separately dissected and dissociated. Single cell suspensions were prepared
and centrifuged over a 37%/70% discontinuous Percoll gradient (GE Health-
care) for 25 min at 900 x g at 25 °C with the brake off. Mononuclear cells were
then isolated from the interface. Isolated cells were stained with a combina-
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tion of anti-FCRLS (3 pg-mL‘1, clone 4G11, O.B. laboratory, Harvard Medical
School, Boston, MA), followed by secondary detection with goat anti-rat IgG
conjugated to APC (0.7 pg-mL~", clone Poly4054, Biolegend) and then CD11b-
PeCy7 (2 ug-mL~", clone M1/70, BD Biosciences) antibodies to specifically sort
resident microglia. Stained cells were sorted on a BD FACSAria Multicolor High
Speed Sorter (Becton Dickinson) and data analyzed using FlowJo Software
(TreeStar).

Gene Expression Analysis. RNA isolation from FACS sorted cells was performed
using the ARCTURUS PicoPure RNA Isolation Kit (KIT0204; Thermo Fisher
Scientific). RNA was eluted in 11 pL for each sample.

The SuperScript Ill First-Strand Synthesis System for RT-PCR (18080051;
Thermo Fisher Scientific) was used for reverse transcription of isolated RNA
(30 ng). All real-time quantitative PCR was performed using Vii7 (Applied Bio-
systems) with TagMan Gene expression Master Mix (Applied Biosystems) and
the specific TagMan Gene Expression Assay (Applied Biosystems). The fol-
lowing TagMan Gene Expression assays (applied biosystems) were used: Cxcl10
(MmO00445235_m1), Gpr34 (Mm02620221_s1), Ifnb1 (Mm00439552_s1), Irf7
(MmO00516793_g1), Il11b (Mm00434228_m1), Mertk (Mm00434920_m1), mouse
gapdh (Mm99999915_g1), Oas1a (Mm00836412_m1), and Rsad2 (Mm00491265_m1).
For eGFP, the following primers were used (1): 5'-/56FAM/ACCTGAGCACC-
CAGTCCGCCCT/36-TAMSp/-3’ (250 nM Prime Time 5'6-FAM/3'TAMRA; IDT), 5-
CTGCTGCCCGACAACCAC-3' (25 nM; IDT), and 5-TGTGATCGCGCTTCTCGTT-3'
(25 nM; IDT) with final reaction concentration of 900 nM for the forward and
reverse primers and 250 nM for the probe. Real-time eGFP primers (78) were
verified for VSV-eGFP in 293T cells. All samples were run in duplicate. The
mRNA expression levels between samples were normalized using GAPDH en-
dogenous control (VIC dye labeled, Applied Biosystems). The quantification of
mRNA expression in treatment groups relative to the saline control (fold
change) was done using the 2-AACT method.
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