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Abstract

Virus infections of the central nervous system (CNS) cause
important diseases of humans and animals. As in other tis-
sues, innate antiviral responses mediated by type | interfer-
ons (IFNs) are crucially important in controlling CNS virus in-
fections. The maturity of neuronal populations is an estab-
lished critical factor determining the outcome of CNS virus
infection. Using primary cultures of mouse cortical neurons,
we investigated the relationships between neuronal matu-
ration, type | IFN responses, and the outcome of Semliki For-
est virus infection. The virus replicated better, infected more
cells, and produced higher titres of infectious viruses in im-
mature neurons. Complete transcriptome analysis demon-
strated that resting immature neurons have low transcrip-
tional competence to mount antiviral responses. They had
no detectable transcription of the genes Ddx58 and Ifih1,
which encode key RNA virus cytoplasmic sensors RIG-I and
MDA?5, and very low expression of genes encoding key regu-
lators of associated signalling pathways. Upon infection, im-
mature neurons failed to mount an antiviral response as ev-

idenced by their failure to produce chemokines, IFNs, and
other cytokines. Treatment of immature neurons with exog-
enous IFN prior to infection resulted in antiviral responses
and lower levels of virus replication and infectious virus pro-
duction. In contrast, resting mature neurons generated a ro-
bust antiviral response. This was augmented by pretreat-
ment with IFN. Infection of mature neurons derived from
IFNAR™~ mice did not make an antiviral response and repli-

cated virus to high levels. ©2022 The Author(s).
Published by S. Karger AG, Basel

Introduction

Central nervous system (CNS) virus infections are a
significant global public health burden [1]. Arthropod-
borne viruses (arboviruses), mainly the RNA alphavirus-
es and flaviviruses, are responsible for epidemics with a
high burden of neurological disease. Examples include
Japanese encephalitis virus (JEV), Zika virus, and the
equine encephalitis viruses [2, 3]. In humans, and exper-
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imentally in laboratory mice, RNA virus infections of the
CNS are generally acute infections, which are rapidly fatal
or which rapidly resolve with or without clinical conse-
quence. Arboviral encephalitides are generally more se-
vere in children than in adults. For example, infection of
children with JEV results in mortality of a third, recovery
with neurological sequelae for another third, and com-
plete recovery without sequelae for the final third [4].
Neurological complications, particularly in the develop-
ing embryo and in children, are a serious health issue and
include major brain deformities, cognitive impairment,
epilepsy, and Parkinsonian conditions. The same phe-
nomenon is observed in experimental animal infections
where alphaviruses, flaviviruses, and several other neuro-
tropic viruses, including measles, are more lethal in young
than in adult rodents. Experimental studies demonstrate
that this age-related virulence is not linked to develop-
mental changes in adaptive immunity but to develop-
mental changes in neural cell functions, including poten-
tially cellular defence and innate immune responses [5].

Neuronal maturation is a complex process. In the de-
veloping brain, axonal growth, synapse formation, con-
nectivity, and electrical activity are prerequisites for neu-
ronal survival and are associated with many molecular,
biochemical, and neurophysiological changes. In con-
trast, mature neurons are highly specialized, long-lived,
existentially precious cells which generally possess limit-
ed regenerative properties, heightened cellular defence
mechanisms,and alow propensity toinitiate programmed
cell death [5].

A growing body of evidence suggests that neuronal
cells can actively mount an antiviral response in the CNS.
Mature neurons, both differentiated human neuronal
cultures and rodent primary neurons, can detect and re-
spond to virus infections [6]. This includes expression of
pattern recognition receptors [6, 7] and an enhanced abil-
ity to constrain viral replication in response to cytokine
stimulation [8, 9]. Differentiated neuronal cell lines in vi-
tro have been shown to express the interferon (IFN) tran-
scriptional regulators IRF-7 and IRF-9 and demonstrate
a general increase in responsiveness to exogenous stimu-
lation with type I IFN [10-12]. In vivo, infected mature
brain neurons produce type I IFNs [13], have the IFN
transcription regulator IRF-3 pathway active [14], and
express IFN-stimulated gene (ISG)-12 [15].

Infections of mice with the related alphaviruses, Sem-
liki Forest virus (SFV), and Sindbis virus (SINV) have
been extensively studied as models to understand virus
neuropathogenesis and neuroimmunology [16]. In the
current study, we investigated IFN responses to SFV in-
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fection in immature and mature mouse primary cortical
neurons. Immature neurons replicated virus to high levels
more rapidly than mature neurons. In response to infec-
tion, immature neurons did not produce type I IFNs (a or
B), the chemokines RANTES (CCLS5), IP-10 (CXCL10),
KC (CXCL1), or MCP-1 (CCL2), or the proinflammatory
cytokine interleukin-6 (IL-6), whereas infected mature
neurons produced all these inflammatory modulators. In
contrast, in both immature and mature neurons, pretreat-
ment with IFNp prior to SFV infection upregulated most
of the above modulators and reduced virus replication.
Transcriptomic profiling of cellular defence and immune
related genes showed highly distinct profiles in immature
and mature neurons, both when virus-infected or when
pretreated with IFNP and then infected. While many
genes were upregulated upon infection of mature neu-
rons, fewer and different genes were upregulated upon in-
fection in immature neurons. Pretreatment with IFNf
prior to infection also resulted in different patterns of gene
expression in immature and mature neurons.

Materials and Methods

Viruses and Infection

SFV4 with a Firefly luciferase reporter gene (SFV4 FFLuc) in-
serted between duplicated nsP2 cleavage sites at the nsP3/4 junc-
tion as a cleavable reporter [17] was used for infections (kindly
provided by Andres Merits, University of Tartu, Estonia). Neurons
were infected at a multiplicity of infection (MOI) of 1 at 37°C for
1 h. The infectious inoculum was removed, and cells were washed
with media. Prior to infection, cultures were pretreated or mock-
treated with type I IFN. Mouse IFNp (PBL Interferon Source) was
resuspended in 0.1% (wt/vol) BSA in PBS and neurons were pre-
treated with 100 U/mL for 24 h prior to infection. Viral titres in
neuronal cultures infected with SFV were determined by plaque
forming unit assay on Vero cells as previously described [18] or
50% tissue culture infectious dose on BHK-21 cells [19].

Primary Mouse Cortical Neuron Culture

Seventeen- to eighteen-day-old embryos (E17-E18) of C57BL/6
mice were dissected in cold Hank’s Balanced Salt Solution (HBSS)
with 0.3% bovine serum albumin (HBSS+). Cortices were resus-
pended in HBSS+ with 10x Tryple Select (ThermoFisher) and DN-
ase I (10 U/mL), incubated for 20 min at 37°C, and then centri-
fuged at 500 g for 5 min at RT. The pellet was resuspended in
HBSS+ supplemented with DNase I (10 U/mL), MgSO, (150 mM),
and trypsin inhibitor (Sigma Aldrich), triturated, and allowed to
stand for 30 s for the debris to settle. The aqueous portion was col-
lected and centrifuged at 500 g for 5 min at RT. The pellet was re-
suspended in neural basal media (Life Technologies) supplement-
ed with 1% B27 (Life Technologies), 200 mM GlutaMAX (Life
Technologies), and 1% penicillin/streptomycin solution. Neurons
were seeded into 12-well plates coated with 0.1 pug/pL poly-D lysine
hydrobromide (Sigma Aldrich) and 10 ng/uL mouse laminin (Life
Technologies). Cells were grown at 37°C, and culture media were
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replenished every 3 days. Immature and mature neurons were
grown for 3 and 12 days, respectively. Immunostaining using a
Neural 3-colour Immunocytochemistry Kit (R&D Systems) for
B-tubulin, O4, and GFAP demonstrated the cultures to be neuro-
nal with only occasional glial cells. Neuronal cell morphology was
used as an indicator of neuron maturity [20]. Increased numbers
and branching of neurites occurred between days 3 and 12. Cell
viability was assessed using CellTitre-Blue Cell Viability Assay
(Promega).

Luciferase Assay

Firefly luciferase assay was used as a surrogate measure of virus
replication [21]. Immature and mature neurons were either mock-
treated or pretreated with 100 U/mL IFN for 24 h and infected
with SFV4-FFluc at MOI = 1. Samples were collected 4, 12, and 24
h post-infection. Cells were lysed with 100 pL passive lysis buffer
(Promega) supplemented with 1x protease inhibitor (Roche) (30
min, 4°C with rocking). Firefly luciferase activity was measured
using 20 pL of lysate in a CLARIOstar plate reader (BMG
LABTECH) according to manufacturer’s instructions (Promega).
Samples were analysed in triplicate.

Cytokine and Chemokine Multiplex Assay

Cytokines and chemokines were analysed using LEGENDplex
Mouse Anti-Virus Response Panel (BioLegend) which allows
quantification of 13 mouse cytokines and chemokines, including
IFNy, CXCL1, TNFa, CCL2, IL-12p70, CCL5, IL1f3, CXCLI10,
GM-CSF, IL-10, IFN, IFNa, and IL-6. The assay was performed
as per manufacturer’s instructions. Samples were analysed using
BD FACSCANTO II flow cytometer and data were analysed using
the LEGENDplex data analysis software (BioLegend).

Intracellular Staining and FACS Analysis

FACS analysis was performed in order to determine the pro-
portion of neurons infected with SFV and the mean fluorescence
intensity (MFI) determined by staining the cells for SEV nsP3 or
nsP1 protein. Briefly, infected neurons (in triplicates) were washed
with PBS and gently dissociated from wells using Tryple Select
(ThermoFisher), then centrifuged at 500 g for 5 min at 4°C. Cells
were transferred to 96 U-bottom well plates (ThermoFisher) and
cell viability performed using LIVE/DEAD Fixable Aqua Dead
Cell Stain Kit (ThermoFisher) for 10 min at RT in the dark. Cells
were washed with FACS buffer (0.5% BSA, 1 mM EDTA in PBS)
and permeabilized with Cytofix/Cytoperm™ fixation/permeabili-
zation solution (BD Biosciences) as per manufacturer’s instruc-
tions. Staining for SFV proteins was done using polyclonal rabbit
anti-nsP3 or anti-nsP1 primary antibody for 1 h on ice. Cells were
washed twice with BD wash buffer and stained with anti-rabbit IgG
AF488 conjugated secondary antibody (kind gift from Prof. Danny
Hatters, University of Melbourne) for 15 min at RT. The cells were
resuspended in FACS buffer and analysed on BD FACSCANTO
II. Data were analysed using Flow]o software.

RNA Sequencing

RNA was extracted using RNeasy Mini Kit (Qiagen) according
to the manufacturer’s instructions. Whole cell RNA used for fur-
ther processing had RNA integrity values >9. Library preparation
was done with Illumina HiSeq 2500 RNA Tru-Seq Library Kit for
polyA-enriched mRNA and sample quality was checked using Ag-
ilent Tape station 2200 for cDNA quality post-library preparation.

Neurons and RNA Virus Infection

Single-end sequencing was done using a NextSeq high throughput
sequencer on a single flow cell to obtain ~400 M reads. The Illu-
mina HiSeq 2500 platform was used to generate single-end 100 bp.

RNA Sequencing Data Analysis

FastQC files were checked for quality using the FastQC report-
er (version 0.11.9) [22] and checked for Phred scores. Per base se-
quencing quality was >30 (i.e., less than 1 in 1,000 chance of a
wrong base call). There were no warnings for overrepresented se-
quences, duplicate sequences, GC content, or ambiguous base call
numbers in any of the samples. Reads were mapped to the refer-
ence mouse transcriptome (Mus_musculus.GRCm38.78.gtf) us-
ing the Salmon ultrafast aligner (version 1.3.0) [23]. Mapped reads
were quantitated to the gene-level estimates (gene count data) and
imported to R statistical tool (version 4.0.3) using the tximport
package (version 1.18.0) [24] and differential expression analysis
was carried out using the limma-voom package (version 3.46.0)
[25] in Bioconductor (version 3.11). Gene ontology (GO) and
pathway enrichment analysis was conducted using the EGSEA
package (version 3.13) [26] in Bioconductor and goana in the lim-
ma package (version 3.48.3). Further canonical pathway activation
and upstream regulator predictive analysis was performed using
Ingenuity Pathway Analysis (IPA) (QIAGEN Inc., USA). Sample
and gene clustering was performed using the pheatmap package
(version 1.0.12) and Venn diagrams generated using VennDia-
gram (version 1.6.20).

Statistical Analyses
Statistical analyses were performed using the Student’s un-
paired t test provided within GraphPad Prism 9 software.

Results

The model system used in these studies were mouse
primary brain cortical neurons derived from 17- to
18-day-old embryos and cultured in vitro for 3 or 12 days.
We refer to the former as immature and the latter as ma-
ture neurons. Consistent with this, the mature neurons
had many more processes and interconnections than the
immature cells. Infections were carried out using SFV
carrying well-characterized molecular marker, firefly lu-
ciferase. This virus was based on the SFV4 strain and has
been described in our previous publication [27].

Immature Cortical Neurons Respond to IENp but

Cannot Effectively Control Virus Replication

We compared the response of immature and mature
primary mouse cortical neurons to SFV infection, with
and without pretreatment with IFNf. SFV with a firefly
luciferase marker expressed from the virus replicase was
used to measure virus replication. Immature neurons
replicated virus to significantly higher levels than mature
neurons (Fig. 1a). In a dose-dependent manner, treat-
ment with IFNP 24 h prior to SFV infection reduced virus
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replication in both immature and mature neurons 24 h
post-infection (Fig. 1a, b). We conclude that SFV repli-
cates better in immature than mature neurons and that
both cell types are able to respond to IFNf and reduce
virus replication.

To determine whether these differences in virus repli-
cation resulted from changes in the levels of replication
in infected neurons or from the number of neurons in-
fected, the percentage of cells infected and the MFI of in-
tracellular nsP3 in the infected cells were measured by
flow cytometry over the first 24 h of infection (Fig. 1c, e).
In the absence of pretreatment with IFNp, at 4 h post-
infection, the percentage of infected cells was approxi-
mately the same for both immature and mature neurons,
32% and 30%, respectively (Fig. 1c). The percentage of
infected immature neurons had risen to almost 80% by 12
h and to 83% by 24 h. In contrast, the percentage of ma-
ture neurons infected remained at less than 50% at both
of these time points. Pretreatment with IFN significant-
ly reduced the percentage of infected cells in both cultures
(Fig. 1c) with a greater proportional reduction at 4 h in
immature than mature neuronal cultures. Although im-
mature neuronal cultures showed a significantly lower
rate of infection following IFNp pretreatment than fol-
lowing mock-pretreatment, the percentage infected cells
in the culture clearly increased between 4 h (13%) and 24
h (67%). In contrast, the percentage of infected cells in the
mature neuronal cultures following pretreatment with
IFNp did not increase much with time (20% at 4 h vs. 29%
at 24 h). For immature neuronal cultures, either mock-
pretreated or pretreated with IFNp, the mean levels of
nsP3 in individual cells for each treatment group were not
significantly different at 4, 12, and 24 h. However, at each
time point, the mean levels of nsP3 were less in the IFN3
pretreated group (Fig. 1e). In mature neuronal cultures,
the mean intracellular levels of nsP3 were noticeably low-
er at 4 h post-infection and were significantly reduced at
12 and 24 h. There were also clear differences in produc-
tion of infectious virus from mature and immature cul-

Fig. 1. The dynamics of SFV infection differ between immature
and mature neuronal cultures but both respond to exogenous
IFNp. a Levels of FFLuc activity in primary cortical neuron cul-
tures at different time points following infection (MOI 1) with
SEV4-FFLuc and pretreatment with IFNf (100 U/mL). Bars rep-
resent the mean of triplicates and error bars represent SEM. A rep-
resentative of 3 independent experiments is shown. b Dose-re-
sponse curve showing the effect of IFN{ on SFV replication at 24
h pos-tinfection in immature (circles) and mature (triangles) neu-
rons. ¢ Flow cytometry analysis of the percentage of infected cells

Neurons and RNA Virus Infection

tures and the ability of IFNf pretreatment to reduce this
differed between cultures (Fig. 1d).

Collectively, these data demonstrate that SFV repli-
cates better in immature than mature neurons. This is
apparent from the luciferase analysis of virus replication,
the percentage of infected cells in the cultures, the mean
cellular levels of virus nsP3, and the production of infec-
tious virus. The data also clearly demonstrate that both
immature and mature neurons respond to exogenous
type I IFNP pretreatment and that in each case, IFN pre-
treatment resulted in lower levels of virus replication and
production. However, only mature, differentiated neu-
rons had the ability to maintain an IFN-induced antiviral
state, resulting, over the first 24 h of infection, in only
minimal increases in the percentage of infected cells in
the culture, a reduction in mean levels of nsP3 in these
infected cells, and no increase in infectious virus produc-
tion.

Absence of Type I IFN Signalling Ablates Mature

Neurons Resistance to SFV Infection

To directly determine the role of the type-I IFN re-
sponse in mouse cortical neurons, we prepared immature
and mature neuronal cultures from mice with a genetic
deletion of the type-1 IFN receptor (IFNAR1~/~ mice). In
both neuronal differentiation states, SFV infection led to
strong virus replication, widespread infection, and high
infectious virus production. As expected, and in contrast
to wild-type (WT) cells (Fig. 1), this could not be rescued
by pretreatment with IFNf (Fig. 2). There was no signifi-
cant difference in the levels of luciferase activity produced
by immature and mature neurons infected with SFV4-
FFLuc irrespective of whether they were pretreated with
IEN( or not (Fig. 2a). In the wt neurons, firefly luciferase
levels increased in all experimental groups from 4 to 12 to
24 h; whereas in the IFNAR1™~ neurons, luciferase levels
were not significantly different across these times and in-
fection in these cultures was associated with widespread
cell death by 24 h. There was also no significant difference

(positive for nsP3 staining) in immature and mature neurons at
different time points following SFV4-FFLuc infection. Bars repre-
sent the mean of 7-8 replicates from 2 independent experiments;
error bars represent SEM. d Titres of infectious virus in culture
supernatants. Each time point represents a mean of 2-3 replicate
culture supernatants. e FACS analysis of MFI of nsP3 protein de-
termined by immunostaining. Each bar represents a mean of 3
replicates, error bars represent SEM. A representative of 2 inde-
pendent experiments is shown (all panels: *p < 0.05, **<0.005,
*#%£20.001).

] Innate Immun 5
DOI: 10.1159/000525291



1x108 immature mature
4_
@ 8x10°
z _ .
& 6x10° §_
© =
ﬁ o 2
O 4x10° e
3 2 -8~ Immature IFN-
E 2%105 = 1 =0O- Immature IFN+
|_-l-_l ’l‘ |:|-_| -B Mature IFN-
- Mature IFN+
0 D= A= T 2
Time(hr) 4 12 24 4 1224 4 12 24 4 12 24 ) )
IFNp - - - + + + - - - + o+ 4+ Time post-infection (hr)
SFV + + + + + + o+ + + + + o+
a b
immature mature
100- immature mature 120000 I
801 ClE e T 5 =
: L1d 8 sPin
S 60l L T S 80000 L
€ %
5 c
B 40 o
° o 40000
20+ <
IFNB - + - + - + -+ -+ - + Tlme(hr) 4 12 24 4 12 24 4 12 24 4 12 24
SFYy + + + + + 4+ + + + + + + IFNp - - - + + + - - - + + +
: ;o s : ' ;o o ! SFV + + + ++ + + 4+ O+ ++
Time (h) 4 12 24 4 12 24 d
C

Fig. 2. Type I IFN signalling mediates the relative resistance of ma-
ture neurons to SFV infection. a Levels of FFLuc activity in IF-
NAR™~ primary cortical neurons at different time points following
infection with SFV4-FFLuc. Bars represent the mean value (6-15
replicates) and error bars represent SEM. Combined data from 2
independent experiments are plotted for 4 and 12 h time points,
data for 24 h time point come from one experiment. Cells were
pretreated with IFNP (100 U/mL). b Titres of infectious virus in
culture supernatant from IFNAR™~ neurons. Each time point is
the mean of supernatants from two replicate cultures. ¢ Flow cy-

in the IFNARI™/~ neurons between the experimental
groups, immature or mature neurons, with or without
IFN pretreatment, in the amount of infectious virus re-
leased to the culture supernatant (Fig. 2b), the percentage
of cells infected (Fig. 2c), or the MFI values in nsP1* cells
(Fig. 2d). We conclude that removal of type I IFN signal-
ling in mature neurons reduces their resistance to infec-
tion rendering them virtually indistinguishable from im-
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tometry analysis of the percentage of infected cells (cells positive
for nsP1) in IFNAR ™/~ immature and mature neuronal cultures at
different time points following SFV4-FFLuc infection. Bars repre-
sent the mean of 7-11 replicates from 2 independent experiments,
error bars represent SEM. d Mean levels of virus (nsP1) protein in
IFNAR™~ neurons following infection with SFV4-FFLuc deter-
mined by FACS analysis of MFI of nsP1 protein immunostaining.
Each bar represents a mean of 3—4 replicates, error bars represent
SEM. A representative of 2 independent experiments is shown.

mature neurons. Clearly, relative to immature neurons,
the IFN response provides some protection to SFV infec-
tion for mature neurons. Given that both neuronal dif-
ferentiation states can respond to exogenous IFN, a likely
explanation of their differential response of infection is
that the immature neurons do not produce IFN in re-
sponse to SFV infection.
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Immature Cortical Neurons Have Restricted Ability to

Produce Antiviral Cytokines following SFV Infection

To compare antiviral factors produced by the two neu-
ronal cultures, a multiplex analysis of cytokines and che-
mokines in culture supernatants was undertaken. Neu-
rons were infected with SFV4-FFLuc at MOI = 1 and su-
pernatants analysed 24 h post-infection. Following SFV
infection, immature neurons did not make detectable lev-
els of IFNa or IFNp proteins (Fig. 3); whereas, both type
I IFNs were clearly detected in culture supernatants from
infected mature neuronal cultures. Furthermore, levels of
CCL5 (RANTES), CXCL-10 (IP-10), IL-6, CXCL-1 (KC),
and CCL-2 (MCP-1) were consistently below the detec-

Neurons and RNA Virus Infection

tion limits of the assay in infected immature neuronal cul-
tures but were all detectable in infected mature neuron
cultures. IFNy, GM-CSF, TNFa, IL-10, and IL-12 were
below the detection level in all culture supernatants (data
not shown). In mature neurons, pretreatment with IFNp,
24 h prior to infection, strongly augmented production of
IFNB, IFNa, IL-6, RANTES, IP-10, MCP-1, KC, and IL-
1B; for IFNa, IFNB, RANTES, IP-10, IL-6, and MCP-1,
this was atleast a 10-fold increase. For immature neurons,
pretreatment with IFN{ 24 h prior to infection resulted
in low levels of all the above modulators with levels of
IFNP, RANTES, IP-10, and MCP-1 significantly higher
than in the mock-treated immature neurons.

] Innate Immun 7
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Fig. 4. Transcriptomic analysis shows changes in gene expression
related to neuronal maturation, SFV infection, and IFN pretreat-
ment. a Scaled (Z score) expression of the 500 most variable genes
in all samples represented in a heatmap with unsupervised cluster-
ing of both samples and genes. b Multidimensional scaling plot
showing variation in the expression of the top 1,000 most variable
genes. Dimension 1 (axis X) separates immature from mature neu-
rons, while variation between samples is seen in dimension 3 (axis

Y). The leading log,FC (base 2 logarithm of fold change) is the av-

These data indicate that immature neurons do not
mount a robust antiviral response regardless of prior
treatment with type I IFN, although priming with IFN
does enhance production of selected cytokines and che-
mokines. In contrast, mature neurons are able to produce
type I IFNs and other antiviral cytokines in response to
SEV infection and this process is greatly augmented by
priming with IFN(.

Transcriptional Profiling of Neurons following SFV

Infection

To further investigate the differences between imma-
ture and mature neurons, we performed genome wide
transcriptional profiling of primary cortical immature or
mature neurons either mock- or IFNp-treated for 24 h
and then infected or mock-infected with SFV. The librar-
ies were analysed by RNA-seq with three technical repli-
cates of each sequenced using the HiSeq2500 platform. As
expected, there were major differences in transcriptomic
profile between immature and mature neurons in their
response to alphavirus infection and IFN( pretreatment
(Fig. 4). Analysis of the 500 most variable genes revealed
three major bands of genes (Fig. 4a). Bands 1 and 2 are
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erage of the largest absolute log,FC between each sample. The fol-
lowing groups were analysed: resting neurons (IFN-SFV-), neu-
rons primed for 24 h with 100 U/mL IFNP (IFN+SFV-) or infect-
ed with SFV4 (IFN-SFV+), and neurons primed with IFNp and
infected with SFV4 (IFN+SFV+). Both immature and mature neu-
rons were either pretreated with IFNf or mock pretreated, and
cells were infected for 1 h with SFV4 or mock-infected. All cells
were harvested 12 h post-infection.

broadly associated with maturity of neurons irrespec-
tive of the treatment (online suppl. Table S1; see www.
karger.com/do0i/10.1159/000525291 for all online suppl.
material). Band 3 are genes upregulated in response to
SEV infection. For immature neurons, this only occurs if
the cells are treated with IFN prior to infection. For ma-
ture neurons, the response is considerably stronger if the
cells are pretreated with IFNf. Band 3 contains genes
known for their antiviral function such as oligoadenylate
synthase (Oas) gene family, Irf7, Ifihl, or Ifn gene family
(online suppl. Table S1).

Multidimensional scale analysis of variance in the ex-
pression of the top 1,000 genes revealed the same cluster-
ing of the replicates and clear separation of the experi-
mental groups (Fig. 4b). One replicate of the immature,
non-IFN( pretreated, SFV-infected group was an outlier.
This is also visible in the data in Figure 4a. Interestingly,
immature neurons pretreated with type I IFN and mock-
infected or infected without prior IEN clustered close to
the basal (resting) control samples, indicating limited
changes in gene expression under either condition. This
was also the case for mature neurons treated with IFNp.
Whereas, immature neurons pretreated with IFN and
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Fig.5. Comparison of gene expression profiles of resting immature
and mature neurons. Gene expression was analysed 12 h post-
mock-infection. a Volcano plot showing the relative gene expres-
sion distribution of all (14,933 variables) differentially expressed
genes comparing resting immature to resting mature neurons. The
horizontal line corresponds to a false discovery rate — corrected
significance value of <0.05. The vertical lines denote the minimal
fold-change for the most-differentially-expressed genes. Differen-
tially expressed genes with p value <0.05 are coloured blue, genes
with p value <0.05 with absolute log, fold change of 1 or above are
coloured red, while non-significant genes are coloured black. GO
(b) and KEGG (c) pathway enrichment analysis of genes differen-
tially expressed between resting immature and mature neurons.
The 20 most significantly enriched GO terms for biological pro-

then infected, as well as mature neurons pretreated or not
with IFN and then infected, underwent more dynamic
changes in gene expression.

Based on the above analysis, we hypothesized that im-
mature and mature neurons differentially express genes
at the basal level, which affect responsiveness to IFN and
to SFV infection. Inherent gene expression variations be-
tween resting immature and mature neurons are shown
in Figure 5. The expression (FDR < 0.05) of 5,184 genes
was significantly downregulated and of 4,299 genes was
significantly upregulated in resting immature neurons
compared to resting mature neurons. There was no sig-
nificant difference in expression for 5,480 genes.

The top genes upregulated in resting immature neu-
rons (right-hand side of the volcano plot, Fig. 5a) include
neuronal differentiation family (Neurod) genes (Neu-
rodl, Neurod 2, Neurod 6), internexin neuronal interme-

Neurons and RNA Virus Infection

cesses and KEGG pathways in resting immature neurons com-
pared to resting mature neurons are shown. Significantly enriched
(p < 0.05) GO terms and KEGG pathways ranked by significance
are shown with the number of differentially expressed genes iden-
tified in each gene set. d IPA of gene expression data showing up-
stream transcriptional regulators predicted to differ between rest-
ing immature and mature neurons. The x-axis depicts the activa-
tion Z-score. The top transcription regulators predicted to be more
highly activated (Z-score >3; p < 0.05) in immature, relative to
mature neurons, are depicted on the right (red) while those pre-
dicted to be more highly activated (Z-score <-3; p < 0.05) in ma-
ture, relative to immature neurons, are depicted on the left (blue).
KEGG, Kyoto Encyclopedia of Genes and Genomes.

diate filament protein alpha (Ina), tripartite motif-con-
taining protein 67 (Trim67), hypocretin receptor 2
(Hcrtr2), neurotensin receptor 1 (Ntrsl), cadherin 12
(Cdh12), Src-like adaptor (Sla), basic helix-loop-helix
family member €22 (Bhlhe22), ribonuclease L (RNaseL),
and Caspase 3 (Casp3). These are all known to be involved
in regulating neuronal functions.

In resting mature neurons, relative to immature neu-
rons (left-hand side of volcano plot, FDR < 0.05, Fig. 5a),
significantly higher basal expression was observed for
multiple genes with known antiviral functions. These in-
clude: Kdm5d, complement C3, Trim30a, Ddx58 (RIG-1),
Ifihl (MDAS5), Toll receptors (TIr2, Tlr3, Tlr4), transcrip-
tion factors implicated in IFN induction and signalling
(NfkB, Irf3, Irf7, Irf9, Stat2, Stat3), and IFN inducible
genes implicated in antiviral responses (Rsad2, Bst2, Oa-
sla, Oasl2, Isgl5, Mx1, Mx2, Ifit2, Igtp, Ifi27).
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These results show that the basal gene expression of
immature and mature primary cortical neurons differs
significantly and that the mature neuron transcriptome is
enriched in immune defence molecules. GO (Fig. 5b) and
Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Fig. 5¢) pathway analyses revealed enrichment of synap-
tic signalling, metabolic processes gene sets, neuroactive
ligand-receptor interactions, and nonimmune pathways
in resting immature neurons. Ingenuity Pathway Analy-
sis (IPA) of the gene expression data indicated that tran-
scriptional regulators involved in immune response such
as IRF7 (Z-score: —7.15), IRF3 (-6.67), STAT1 (-6.48),
IRF1 (-5.5), STAT4 (-4.54), IRF5 (-4.11), and STAT3
(=3.01) were, relative to mature neurons, conspicuously
inhibited in immature resting neurons. Conversely, tran-
scription factors involved in neuronal development and
function such as TRIM24 (Z-score: 5.48), NKX2-3 (4.41),
SIRT1 (3.92), GFI1 (3.709), and ASCL1 (3.57) were acti-
vated in resting immature neurons compared to resting
mature neurons (Fig. 5d). In resting immature neurons,
predicted transcription regulators are involved in neuro-
nal commitment and differentiation rather than innate
immune pathways.

Comparison of gene expression in virus-infected im-
mature and mature neurons showed dramatic differences
(Fig. 6a, b). In immature neurons, while some genes rel-
evant to an antiviral response appeared to change, few
reached significance (Fig. 6a). Of the genes with a signifi-
cant change, 17 were downregulated and one, Mphosph9,
was upregulated. Expression values for IFNb and IFNa4,
while higher in infected than control cells, were not sig-
nificantly different. The genes significantly downregulat-
ed upon infection compared to their basal expression lev-
els in immature neurons included genes implicated in an-
tiviral responses (Bst2, Oasl2, Oasla, Irf7, Ifi27, Trim30a)
and components of the major histocompatibility com-
plex class I antigen presentation pathway (B2m). In con-
trast, following SFV infection, mature neurons (Fig. 6b)
displayed a robust response to infection with large num-
bers of significantly upregulated (4,204) and downregu-
lated (4,391) genes. Amongst the highest levels of upregu-
lation were IFNbD, IFNa4, and IL6, characteristic of an ear-
ly antiviral response. Other upregulated genes included
PRR receptors - Ifih1, Ddx58, TLR family members (TIr6,
Tlr2, Tlr13); transcription factors — NF«B, Stat2, Irfl;
ISGs - Oas2, Oas3, Mx1, Mx2, Isgl5, Rsad2; and IFN
pathway regulators like SocsI and Socs3.

Weidentified key transcription regulators predicted to
be activated based on the individual differential gene ex-
pression profiles following SFV infection (Fig. 6¢c—e). The
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upstream regulator predictive analysis showed that tran-
scriptional regulators IRF3, IRF7, and STAT1 were inhib-
ited and TRIM24 was activated in immature SFV-infect-
ed neurons compared to resting cells; whereas for others,
we did not detect pathway activation (Fig. 6¢). In mature
SEV-infected neurons compared to resting controls, we
identified a group of activated transcriptional regulators
related to antiviral response and IFN pathway. These in-
cluded STATI1, RELA, IRF7, CREBI, IRF3, IRF1, and
NFKB1 (Fig. 6d). Figure 6e compares transcriptional
pathway regulation between infected immature neurons
and mature infected neurons and shows that immature
neurons do not initiate protective responses.

Transcriptional Profiling of Neurons following IFNf3

Priming and SFV Infection

The difference in responses to infection of immature
and mature neurons was blunted when they were pretreat-
ed with IFN as both cell types now responded by increas-
ing gene expression. Compared to resting immature neu-
rons, immature neurons pretreated with IFN and infect-
ed with SFV showed significant downregulation of 3,777
genes and significant upregulation of 4,233 genes with
6,923 genes showing no significant change (Fig. 7a). Com-
pared to resting mature neurons, mature neurons pre-
treated with IFNP and infected with SFV showed signifi-
cant downregulation of 5,130 genes and significant up-
regulation of 3,348 genes with 6,365 genes showing no
significant change (Fig. 7b). Direct comparison of IFNf
pretreated and infected neurons showed that in immature
neurons, relative to mature neurons, 4,922 genes were sig-
nificantly reduced in expression and 5,301 genes were sig-
nificantly increased, with 4,710 genes showing no change
in expression (Fig. 7c). Compared to resting neurons, or
indeed SFV-infected neurons, following priming with
IFNP and subsequent SFV infection, both immature and
mature neurons had significantly higher levels of expres-
sion of genes involved in virus sensing and antiviral re-
sponses. These included Ddx58 (RIG-I, a virus RNA sen-
sor); Ifih1 (MDAS5, a virus RNA sensor); Irf7 and Irf9 (IFN
regulatory transcription factors controlling IFN-induc-
ible genes); Ifi27 (a regulator of IFN-induced apoptosis);
Oas (an inhibitor of RNA synthesis); and ISGs such as
Isg15 (a ubiquitin-like protein), Rsad2 (viperin), and Mx1/
Mx2 (antagonists of virus replication). Immature neurons
had lower levels of all these genes relative to mature neu-
rons (Fig. 7c). There were also numerous genes that had
higher expression in immature than mature neurons. For
the most part, these were not known antiviral genes with
the exception of Rnasel.
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Fig. 6. Comparison of differential gene expression profiles of SFV-
infected immature and mature neurons. Gene expression was ana-
lysed 12 h post-infection (SFV) or mock-infection. Volcano plots
showing relative gene expression distribution of differentially ex-
pressed genes in SFV-infected compared to resting immature neu-
rons (a) and relative gene expression distribution of differentially
expressed genes in SFV-infected compared to resting mature neu-
rons (b). The horizontal line corresponds to a false discovery rate
— corrected significance value of <0.05. The vertical lines denote
the minimal fold-change for the most differentially expressed

More detailed analysis of SFV-induced changes in the
neuronal transcriptome linked to the IFN signalling path-
way identified significant differences in gene clusters re-
lated to the IFN response (Fig. 7d). Five clusters com-

Neurons and RNA Virus Infection

genes. Differentially expressed genes with p value <0.05 are co-
loured blue, genes with p value <0.05 with absolute log, fold change
of 1 or above are coloured red, while nonsignificant genes are co-
loured black. IPA of gene expression data showing upstream tran-
scriptional regulators predicted to differ between SFV-infected
and resting immature neurons (c), SFV-infected and resting ma-
ture neurons (d), and SFV infected immature and mature neurons
(e). The x-axis depicts the activation Z-score. The top transcrip-
tion regulators with Z-score >3; p < 0.05 are depicted in red, while
those with Z-score <-3; p < 0.05 are depicted in blue.

posed of 7,902 differentially expressed genes of interest
were identified and linked to biological process GO terms
(Fig. 7e). Cluster 1 contains genes broadly downregulated
during SFV infection relative to the resting state, in both
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Fig.7. Analysis of differential gene expression profiles of immature
and mature neurons following pretreatment with IFNP and SFV
infection. Gene expression was analysed 12 h post-infection (SFV)
or mock-infection and 36 h post-IFN treatment (100 U/mL) or
mock-treatment. Volcano plots showing relative gene expression
in immature neurons pretreated with IFNf and infected with SFV
compared to resting immature neurons (a); relative gene expres-
sion in mature neurons pretreated with IFNB and infected with
SEV compared to resting mature neurons (b); and relative gene
expression in immature neurons pretreated with IFNp and infect-
ed with SFV compared to mature neurons pretreated with IFNf
and infected with SFV (c). Differentially expressed genes with p
value <0.05 are coloured red, genes with >2 absolute log 2-fold
change and p value <0.05 are coloured blue, while nonsignificant
genes are coloured black. d Unsupervised clustering of datasets by
genes differentially expressed relative to resting neurons. Genes
clustered by expression (Z-score), with clusters labelled on side

mature and immature neurons. These include many
genes involved in metabolic processes. Small cluster 2 is
more polarized in mature than immature neurons, and
members of this cluster are involved in developmental
processes. Cluster 3 is linked to differences in cellular ma-
turity and genes in this cluster have higher expression in
immature neurons, under all conditions. These genes are
involved in synaptic and trans-synaptic signalling and ap-
pear to be linked to the early developmental stage of neu-
rons. Cluster 4 consists of genes upregulated in SFV in-
fected mature neurons, with or without IFNP pretreat-
ment and in infected immature neurons if they are IFN
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panel. e The top 5 enriched GO terms for biological processes in
each of the clusters identified in d. Over-represented GO terms
were ranked by p value and five terms with the lowest p values in
each cluster were selected. Enrichment was adjusted for overall
abundance of each GO term in the genome, with the size of sym-
bols in (e) representing N genes(Go term) in cluster/N genes in clus-
ter + N genes(Go term)in all expressed genes/N genes in all expressed
genes. f IPA of gene expression data showing upstream transcrip-
tional regulators predicted to differ between IFN+SFV+ immature
and IFN+SFV+ mature neurons. The x-axis depicts the activation
Z-score. The top transcription regulators predicted to be more
highly activated (Z-score >3; p < 0.05) in IFN+SFV+ immature,
relative to IFN+SFV+ mature neurons, are depicted on the right
(red), while those predicted to be more highly activated (Z-score
<=3; p <0.05) in IFN+SFV+ mature, relative to IFN+SFV+ imma-
ture neurons, are depicted on the left (blue).

pretreated. Genes in this cluster fall into immune defence
and immune response categories (GO:0002376,
GO0:0006952, GO:0006955). Cluster 5 is characterized by
genes with higher expression in mature neurons, either at
rest or following IFNp treatment. Interestingly, genes in
this cluster are downregulated upon SFV infection of ma-
ture neurons, but this process is reversed by IFNp pre-
treatment. In general, cluster 5 genes are downregulated
in immature neurons regardless of experimental condi-
tions. This cluster is enriched in genes belonging to the
GO terms immune system process (GO:0002376), and
broadly to positive regulation of biological processes

Narayanan/Moily/McQuilten/Kedzierska/
Mackenzie/Kedzierski/Fazakerley



Irf3
Bst2 10
Irf7
HEE M
HEN mb1
NN Oasl1 5
Bl M
WM fnas

-10
o leami
B Trim17
M Zop1
I Gbp4
I Ddx60
I ifihd
B Mmx2
M ifit3b
I Rsad2
M Iit1bi2
[ Dhx58
M Casz
M Parpi4
M i3

Ifi205
I Trim14
Ddx58
Ifit2
Cmpk2

+A4S-N4I NI
“AJSH+NdIN
“AdS+N4I WI
+A4S-NdI N
+A4S+NLIN
+A4S+N4I WI

Oas3 - s o
Oas2 1 ° . LI}
Oas1g ° . - 0
Oas1c . ° . - @ e
Oas1b- CEN - T o QO
Oasla- e o s @
T34 «+ + + © o o o O Expression level
Ddx58{ = =+ =+ © o o © QO s 10
Ifin1{ - c @ o Og o 100
If74{ - - @ o - o O s00
M3{ « « ¢ o o o o O 2000
116 - e o ©
Tnf o B
Ifnb1 1 . ° o @
Bst2{ o -0 @ + o @
Cel2- - e+« 0 @
Cxcl2 . ° @ o
£ g === 5 2
» [7)
, 233323273

Fig. 8. Analysis of expression of genes relevant to type I IFN path-
way and antiviral responses. Expression was analysed 12 h post-
infection (SFV) or mock-infection and 36 h post-IFN treatment
(100 U/mL) or mock-treatment. a Heatmap arranged by unsuper-
vised clustering depicting log,FC of selected antiviral genes; in
each case, the experimental condition is relative to resting cells.

(GO:0048518, GO:0048522) and responses to stimuli
(GO:0048584, GO:0048583).

Pathway activation and upstream regulator predictive
analyses revealed a similar activation profile following
IFN( pretreatment and SFV infection in both immature
and mature neurons when compared to their resting state
(online suppl. Fig. S1). This included activation of cellular

Neurons and RNA Virus Infection

Genes selected are derived from MSigDB C2 and Reactome Inter-
feron alpha/beta signalling and ISG sets [28]. b Expression profiles
of selected ISGs showing levels of expression in resting neurons,
following IFNp pretreatment, SFV infection, or both. The size of
the bubble depicts the gene expression level (counts per million)
and colours denote different genes.

defence and innate immune pathways regulated by tran-
scription factors including NFKB1, RELA, STAT4, and
CREBI. Comparison between IFNf-treated, SFV-infect-
ed, immature and mature neurons demonstrated that cel-
lular defence and innate immune pathways regulated by
transcription factors including STAT1, IRF3, IRF1, IRF5,
and CREB1 were more strongly activated in mature than
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immature neurons (Fig. 7f). These data indicate that sim-
ilar mechanisms are in play in response to IFNp pretreat-
ment and SFV infection in mature and immature neurons
with the key difference being the magnitude of the re-
sponse.

Analysis of fold change (Fig. 8a) and expression profil-
ing (Fig. 8b) of selected genes relevant to IFN signalling
and antiviral responses revealed that in immature neu-
rons, expression of these genes was upregulated when
cells were treated with IFNf and then infected with SFV.
These genes were not upregulated in immature neurons
when they were treated with IFNP alone, or when they
were only infected. In contrast, for mature neurons, these
genes were upregulated by SFV infection alone, and this
was augmented by prior treatment with IFNf. IFNf alone
did not induce their expression.

Collectively, these data indicate that murine immature
primary cortical neurons failed to activate, or at least to
strongly activate, gene expression of innate defence path-
ways following either SFV infection or stimulation with
exogenous type I IEN. They did, however, respond to SFV
infection when pretreated with IFN. Conversely, mature
neurons developed a robust antiviral response following
SFV infection alone. Treatment with exogenous IFNf
had no obvious effect on gene expression but strongly
augmented the response to subsequent SFV infection.

Discussion

In the studies reported here, we used mouse primary
immature and mature cortical neurons to determine any
differences in the responses of these cells to infection with
SEV. The virus replicated better in cultures of immature
neurons than in cultures of mature neurons with higher
levels of virus protein, a greater percentage of cells infect-
ed, and higher production of infectious virus. Mature
neurons, but not immature neurons, developed a clear
and strong antiviral response to infection as determined
by changes in gene expression; activation of innate im-
munity pathways; and production of chemokines, IFNs,
and other cytokines. Neither immature nor mature neu-
rons showed clear changes in antiviral gene expression in
response to treatment with IFNf, but IFN{ treatment pri-
or to SFV infection did prime both neuronal differentia-
tion states to mount a more robust antiviral response on
subsequent infection. Thus, immature neurons failed to
mount an antiviral response upon infection but could do
so if primed with IFN, whereas mature neurons mount-
ed a good antiviral response upon infection. This was ab-
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lated in neurons devoid of type I IFN receptors and aug-
mented by prior treatment with IFNp.

In these studies, neuronal cultures were treated with
IFNP 24 h prior to infection. Given that immature neu-
rons were unable to produce additional IFN upon infec-
tion (Fig. 3, 6, 8), the antiviral effect of exogenous IFNf
pretreatment would have been transient. This is consis-
tent with the reduction in infectious virus titres in IFN
pretreated immature neuronal cultures, relative to con-
trols, at 4 and 12 h post-infection which had disappeared
by 24 h, where titres were essentially no different (Fig. le).
This recovery of virus production was not observed in
IFN treated and infected mature neurons which make
their own IFNs in response to SFV infection.

Immature neurons derived from either WT or IFNAR™/~
mice were equally susceptible to SFV infection, suggesting
that type I IFN signalling does not play a major role in antivi-
ral defences of immature neurons (Fig. 2). Upon infection,
WT immature neurons did not upregulate antiviral genes
(Fig. 6, 8) and were unable to produce cytokines or chemo-
kines (Fig. 3). In response to IFNf treatment alone, immature
neurons did not detectably increase antiviral gene expression,
but IEN pretreatment did prime these cells, indicating their
responsiveness to IFN, as determined by their increased anti-
viral gene expression, cytokine and chemokine production,
and reduced levels of virus replication and infectious virus
production, in response to subsequent infection.

Upon infection, mature neurons upregulated many
antiviral genes including IFNs and several ISGs (Fig. 6-8);
these included Mx, 2'-5" Oas and Trim family genes,
Rsad?2 (viperin) and ISG15 [29-33]. These cells also pro-
duced other cytokines and chemokines (Fig. 3) and rep-
licated virus, notably to lower levels than immature neu-
rons (Fig. 1). Following IFN pretreatment and infection,
expression of antiviral genes and production of cytokines
and chemokines were further upregulated in mature neu-
rons and virus replication and infectious virus produc-
tion further downregulated (Fig. 1, 3, 8). Relative to WT
cells, infection of mature neurons derived from IFNAR ™~
mice demonstrated higher levels of virus replication and
infectious virus production. However, the levels of virus
replication (Fig. 2a), while higher than in WT mature
neurons, remained lower than in immature neurons, sug-
gesting that while the IFN response has a major role in
reducing virus replication in mature neurons, there are
also other factors related to neuronal differentiation
which curtail virus replication in mature neurons.

A striking difference between neuronal differentiation
states was a significantly lower level of expression of both
Ddx58 (RIG-I) and Ifihl (MDAS5) (log,FC -3.16 and
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-3.26, respectively) in resting immature versus resting
mature neurons. This is consistent with previous reports
that RIG-I and MDAS5 are not expressed, or expressed at
only very low levels, in resting 5-7-day-old cortical neu-
rons in vitro [14, 34]. Both of these molecules are key sen-
sors of RNA virus infections and inducers of IFN re-
sponses [35-38]. For SFV, in mouse embryonic fibro-
blasts, both molecules are involved in type I IFN induction
and subsequent restriction of viral replication [39]. The
importance of RIG-I in response to neuronal virus infec-
tion has also been observed with JEV, where knockdown
of RIG-I in mature neurons resulted in reduced produc-
tion of proinflammatory cytokines and chemokines and
increased virus replication [40]. Neither Ddx58 nor Ifih1
were significantly upregulated in the datasets for either
neuronal phenotype by IENp pretreatmentalone (Fig. 8b).
However, as discussed above, exogenous IFN effects ap-
pear to wane over time and by the time of cell harvest, 36
h post-IFN treatment, any gene expression induced by
exogenous IFN may have returned to normal. Transient
production of RIG-I or MDAS5 in IFN pretreated imma-
ture neurons, or transient increased production in IFN
pretreated mature neurons, could underlie the stronger
response to infection that followed IFNP priming. Nei-
ther of these two virus sensor genes were significantly up-
regulated 12 h post-SFV infection in immature neurons.

The IFN signalling pathway activated by RIG-I and
MDAS5 includes IRF1, IRF3, and NF«kB [41]. Infected ma-
ture neurons showed significantly increased gene expres-
sion of these three regulators along with other key tran-
scription factors related to activation of innate immune
system pathways including IRF5, IRF7, STAT1, STATS3,
STAT4, JUN, and RELA. IPA indicated that these path-
ways were active in infected mature neurons (Fig. 6, 7).
However, these transcription factors were not present, or
present at only very low levels, in resting or infected im-
mature neurons and these innate immune pathways were
not activated by infection in immature cell cultures
(Fig. 5-8). We conclude that immature neurons are not
transcriptionally competent to mount innate antiviral re-
sponses as they lack both the sensors of infection and the
key signalling molecules.

In conclusion, our studies demonstrate that immature
primary mouse cortical neurons in culture neither have the
key cytoplasmic sensors RIG-I and MDAS5 to detect virus
nor do they have the key transcriptional regulators to signal
activation of these sensors. In consequence, upon infection,
these cells do not activate antiviral signalling pathways, pro-
duce chemokines, IFNs, ISGs, or other cytokines. This un-
responsiveness results from a low level of transcriptional

Neurons and RNA Virus Infection

competence. This is not changed by virus infection, but it is
overcome by exogenous prior administration of IFN, indi-
cating that immature neurons can respond to IFN, even
though they do not produce it upon infection. In contrast,
resting mature neurons do transcribe genes for virus detec-
tion, including Ddx58 (RIG-I) and Ifihl (MDAS), and
genes that regulate key innate immunity responses and they
respond to virus infection through production of IFNs,
ISGs, chemokines, and cytokines. This response is ablated
in mature neurons with no functional IFN system and aug-
mented by prior treatment with IFN{.

The inability of immature cortical neurons to sense
and respond to virus infections due to their low level of
transcriptional competence to mount antiviral defence
responses, including most notably an IFN response, pro-
vides an explanation as to why many CNS virus infections
are more devastating in the developing than in the devel-
oped brain. However, while this is likely to be a major
factor governing the age-related pathogenesis of neuro-
tropic virus infections, IFN responses are not the only
factor because mature neurons without a functional IFN
system, while replicating virus to higher levels than those
with IFN competence, did not replicate virus to the even
higher levels seen in immature neurones.
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