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Abstract

The mechanisms by which neurons respond to inflammatory mediators such as interferons (IFNs)
remain largely undefined. We previously showed that the activation and nuclear localization of the
core IFN signaling molecule, Statl, are muted and delayed in primary mouse hippocampal
neurons treated with IFN gamma as compared to control mouse embryonic fibroblasts (MEF).
Here, we show that the kinetics of Statl and Stat2 activation following type | IFN exposure are
also unique in neurons, affecting gene expression and neuronal response. Specifically, despite
lower basal expression of many IFN stimulated genes in neurons, basal expression of the type |
IFN themselves is significantly higher in primary hippocampal neurons compared to MEF.
Elevated homeostatic IFN in neurons is critical and sufficient for early control of viral infection.
These data provide further evidence that neurons exploit unique signaling responses to IFNs, and
define an important contribution of homeostatic IFN within the CNS. Such differences are likely
critical for the ability of neurons to survive a viral challenge.

1. Introduction

The host immune response can efficiently resolve certain neurotropic infections, but
unregulated or chronic immune responses in the central nervous system (CNS) can be
pathogenic and often fatal. Immune dysregulation within the brain can result in encephalitis
and meningitis, and contributes to many chronic neuroinflammatory diseases such as
multiple sclerosis (1-6). Therefore, a balance must be achieved in which pathogen control or
clearance is achieved with minimal neuropathology. This is particularly relevant for
infections of CNS neurons, which are a chiefly non-renewable cell population. Well-defined
immune mechanisms that clear viral infections in the periphery, including perforins and
granzymes, are underutilized in the brain, perhaps protecting the neuronal population from
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immune-mediated cytolysis. Instead, cytokines, including the interferons (IFNs), are
fundamental contributors to CNS virus clearance. Thus, an overarching goal of our studies is
to elucidate the unique interactions of IFNs with neuronal targets, and to define how IFN
signaling limits or clears neurotropic infections in the absence of CNS disease.

Viral reproduction in the CNS is a relatively rare, albeit serious, consequence of infection by
a number of human viruses. While some viruses are well-known to be neurotropic (e.g.,
poliovirus, rabies virus, West Nile virus, and some herpesviruses), others that are primarily
associated with peripheral infections, including influenza and measles, can also result in life-
threatening CNS complications (7). For example, influenza has been associated with
encephalitis, Reye's Syndrome, and acute necrotizing encephalopathy, particularly in
children (8). Moreover, measles virus (MV) infection of CNS neurons is associated with
invariably fatal diseases such as subacute sclerosing panencephalitis, which can occur
months to years after primary virus exposure (9). While some of these viruses gain access to
the brain parenchyma due to a weakened immune response (e.g., herpesviruses), most result
in neuropathology via induction of the immune response (10).

An early and essential line of defense against viral infection is the induction of interferons
(IFNs) that ultimately leads to antiviral gene expression (reviewed in 11). Briefly, in most
mammalian cells, viruses are detected by pattern recognition receptors (PRRs), such as Toll-
like receptors (TLRs) and retinoic acid-inducible gene-I (Rig-1). Recognition of viral nucleic
acid in infected cells by these receptors leads to downstream signaling, including activation
of transcription factors NF-kB and IFN-regulatory factors 3 and 7 (Irf3, Irf7). Migration of
these transcription factors into the nucleus induces expression of genes encoding type | IFNs
(IFNa, IFNB). Once released from the cell, IFNs then bind to their receptor (Ifnar, composed
of Ifnarl and Ifnar2 subunits) on the surface of neighboring cells, leading to activation of
Janus-activated kinase 1 (Jakl) and tyrosine kinase 2 (Tyk2). Signal transducers and
activators of transcription 1 and 2 (Stat1, Stat2) are recruited to the activated receptor and
are phosphorylated by Jak1 and Tyk2, resulting in a complex of Statl, Stat2 and IFN
regulatory factor 9 (Irf9). This ISGF3 complex then translocates to the nucleus and binds
IFN-sensitive response elements (ISREs) in the promoters of IFN-stimulated genes (ISGs).
Expression of ISGs leads to induction of an antiviral state (reviewed in 11).

While IFNs are generally recognized as indispensable for an effective immune response, cell
type-specific properties may diversify how cells respond to the same extracellular ligand.
This is governed in part by the variety, level and distribution of Stat molecules in a given
cell type, as type | IFNs are able to activate all seven known Stat molecules. Thus, following
engagement of the IFN receptor, distinct Stat homo- and heterodimer complexes may form,
and interactions between such complexes and promoter elements determine what genes will
be up-or down-regulated (reviewed in 12). For example, in immune cells, type | IFN aids in
activation and Th1 skewing of naive T cells (13), promotes survival and cytolytic activity of
CD8* T cells, and ensures efficient antibody response by B cells (14-15). Non-immune cells
have varied responses to IFNs as well. For example, in primary human hepatocytes, IFNa
triggers an antiviral and antitumor state (16). Cardiac myocytes, which, like neurons, are a
non-renewable cell population, express higher basal levels of IFNf than cardiac fibroblasts,
likely as a “pre-arming” mechanism to protect against viral infection (17). Within the CNS,
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distinct cellular responses to IFN could play a role in infection and immunity as well as
neurodegenerative diseases and the response to injury or ischemia (18).

We utilize a mouse model of neuron-restricted measles virus (MV) infection, in which CNS
neurons express a human MV vaccine strain receptor (CD46) under the transcriptional
control of the neuron-specific enolase (NSE) promoter (NSE-CD46) (19). Using this model,
we showed that adult mice clear MV infection from CNS neurons without neurological
damage or neuronal loss in an IFNy- and T cell-dependent manner (20). Primary
hippocampal neurons can be explanted from these mice and grown in culture; while all
neurons of NSE-CDA46 transgenic mice are CD46-positive, and therefore permissive, the
hippocampus of day e15-16 embryos is very neuron-rich, enabling virtually pure cultures.
When we assessed IFNy signaling in these hippocampal neurons, we found that the response
to IFNy treatment was distinct from that observed in control MEF. Specifically, neurons
responded to IFNy with delayed and attenuated kinetics of Stat1 expression and activation,
resulting in a concomitantly delayed and reduced expression of classic IFNy—dependent
genes (18). These foundational studies indicate that IFNy activates a critical antiviral
program in neurons, but that Stat1 plays a subordinated role in this response.

Because Stat1 is also a key mediator in type | IFN signaling, we wished to characterize the
response of CNS neurons to type | IFN in the context of viral infection. Utilizing NSE-
CD46 mice and primary neurons explanted from these mice, we show here that hippocampal
neurons respond to type | IFN with an unique 1SG signature. Moreover, exogenous type |
IFN enhances resistance to viral infection in primary fibroblasts, but not in primary neurons.
We provide evidence that neurons express increased basal levels of type | IFNs compared to
fibroblasts, which we hypothesize is critical for controlling early infection in the absence of
exogenous IFN. This suggests that within the CNS, neurons respond uniquely to crucial
cytokines produced soon after infection, and we hypothesize that this may be a protective
mechanism to ensure survival during infection and the subsequent adaptive immune
response.

2. Materials and Methods

2.1 Ethics statement

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

2.2 Cells, viruses, mice, and infections

Primary hippocampal neurons were prepared from embryonic (E15-16) mice, as described
(18, 21-23). Neurons were plated on 15-mm glass coverslips or in 12-well plates coated with
poly-L-lysine (Sigma-Aldrich) at a density of 2x10° cells/well, unless otherwise noted.
Neuron cultures were quality-controlled, and were routinely >95% Map2-positive. Neurons
were plated and incubated for 5 days (d) to allow for full differentiation prior to IFNp
treatment or infection. Primary mouse embryonic fibroblasts (MEF) were isolated from the
same embryos and maintained in complete DMEM medium (DMEM supplemented with

J Neuroimmunol. Author manuscript; available in PMC 2016 February 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Cavanaugh et al.

Page 4

10% fetal calf serum, 2 mM L-glutamine, 100 U/ml penicillin, and 100 ng/ml streptomycin).
All cells were maintained at 37°C, 5% CO in a humidified incubator.

MV-Edmonston (vaccine strain) was purchased from American Type Culture Collection and
passaged and titered in Vero cells. Passages 2 or 3 of the MV stock were used for
intracerebral (IC) injections and in vitro infection assays. LCMV Armstrong (LCMV-Arm;
ATCC) was passaged in BHK-21 fibroblasts and plaque purified, and titers were determined
on Vero fibroblasts.

Homozygous NSE-CD46* transgenic mice (line 18; H-2P) (19) were maintained in the
closed breeding colony of the Fox Chase Cancer Center. Homozygous NSE-CD46* and
haplotype-matched homozygous immune knockout (KO) mice were intercrossed for three or
more generations to obtain NSE-CD46* mice on the desired KO background. Ifnar-deficient
mice (24) on 129S2/SvPas background were obtained from Luis Sigal (Fox Chase Cancer
Center, Philadelphia, PA). Genotypes of all mice used in these experiments were confirmed
by PCR analysis of tail biopsy DNA and/or flow cytometry on blood cells.

Isoflurane-anesthetized mice were infected with MV via IC inoculation (1x10% PFU in a
volume of 30 pl, delivered along the midline using a 27g needle). Mice were monitored
daily post-infection for signs of illness, including weight loss, ruffled fur, ataxia, and
seizures. Moribund mice were euthanized in accordance with IACUC guidelines.

2.3 Infection and interferon treatment of primary cells

Five days post-plating, primary hippocampal neurons or MEF from NSE-CD46* or CD46/
Ifnarl KO mice were infected with MV or LCMV (multiplicity of infection [MOI] = 1) for 1
h. Thereafter, the inoculum was removed and the cells were maintained in conditioned
Neurobasal media. For cells treated with IFNB, murine IFNB (Millipore) was diluted in B27-
free Neurobasal media, added to the cultures (100 U/ml final), and incubated for the
indicated times prior to collection.

2.4 Immunoblots

Untreated and IFNp-treated primary cells cultured on tissue culture plastic were lysed
directly with protein solubilization buffer (106 mM Tris HCI, 141 mM Tris Base, 0.51 mM
EDTA, 2% SDS). Where indicated, protein isolated from 2x10° cells per sample were
separated on a NUPAGE 7% Tris-Acetate gel or 10% Bis-Tris gel (Invitrogen), and
transferred (semi-dry) to PVDF-FL (Millipore). Within an experiment, corresponding
samples from neurons and MEF were run on the same gel, to allow direct comparison. The
blots were blocked for one hour in Odyssey Blocking Buffer (Licor). The blots were
subsequently incubated in primary antibody solution: anti-Stat1 (1:500), anti-phospho-
specific Statl (pY701; 1:500), both from BD Biosciences Pharmingen; anti-Stat2 (1:600),
from Santa Cruz Biotechnology Inc., Santa Cruz, CA; anti-phospho-specific Stat2 (pY689;
1:500), from Millipore; and anti-glyceraldehyde-3-phosphate dehydrogenase (Gapdh;
1:1000; Millipore). All antibodies were diluted in Odyssey Blocking Buffer and incubated
overnight at 4°C. After three washes in TBS-T (10 min each), the blots were incubated in
secondary antibody (Licor) solution: goat anti-rabbit IRDye 680RD for anti-Stat2 (1:20,000)
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and anti-Stat2p689 (1:20,000), goat anti-mouse IRDye 680RD for anti-Stat1 (1:10,000) and
anti-Stat1pY701 (1:20,000) and anti-Gapdh (1:20,000); all were diluted in Odyssey
Blocking Buffer for 1 h at room temperature. The blots were washed as described above,
then imaged on the Odyssey CLx infrared imaging system (Licor).

2.5 Reverse transcriptase quantitative real-time PCR (QRT-PCR)

RNA was purified from whole cell lysates using the RNeasy Mini kit (Qiagen, Valencia,
CA). RNA was quantified using a Nanodrop spectrophotometer. RNA was reverse-
transcribed using a High Capacity cDNA Reverse Transcription kit (Applied Biosystems).
Gene-specific primers in combination with Universal Probe Library probes and Universal
Master mix (Roche) were run on a Mastercycler Realplex2 system (Eppendorf). Cycling
conditions were 50°C, 2 min; 95°C, 10 min; followed by 40 (2-step) cycles (95°C, 15 sec;
60°C, 60 sec). Relative quantification to the control (cyclophilin B) was done using the
comparative C; method. The values plotted are the average from 3 PCR reactions.

3. Results

3.1 Expression and activation of Statl and Stat2 differ between neurons and fibroblasts
following type | IFN exposure

We previously identified unique attributes of the neuronal signaling response to the type Il
IFN, IFNy, as compared to control fibroblasts (18). To determine whether similar
differences exist in neurons following type I IFN exposure, primary mouse hippocampal
neurons were treated with IFNp, and their response compared with primary mouse
embryonic fibroblasts (MEF) treated in a similar manner (25). The dose of 100U/mL IFNp
was chosen to be consistent with (or below) the majority of published work on type I IFNs.
We first assessed the activation of Statl and Stat2 following IFNp exposure. As previously
shown, primary neurons have a lower homeostatic expression of Statl than control
fibroblasts, which we originally hypothesized was the basis for the muted and delayed
transcriptional response following IFNy engagement (18). Despite lower basal levels of
Statl in neurons, however, both neurons and MEFs showed rapid induction of activated
Statl (Fig. 1A). Though MEFs had a more robust pStatl signal at early times post-IFN
exposure, phosphorylation of Statl was prolonged in neurons. Similarly, basal Stat2 levels
were also lower in neurons, but again, the early Kinetics of Stat2 phosphorylation were
approximately equal between the two cell populations, with neuronal Stat2 phosphorylation
sustained through 24 hours post-exposure (Fig. 1B). Thus, despite similar induction profiles
between the two primary cell populations, the activation of canonical signaling molecules is
sustained in neurons following IFNf addition.

3.2 Neurons and MEF induce distinct patterns of ISGs in response to IFN

We hypothesized that prolonged activation of Stat molecules in neurons would result in a
sustained transcriptional response following type | IFN exposure. We thus evaluated the
neuronal and MEF gene expression profiles to IFNf by evaluating a limited number of
canonical 1SGs for analysis by qRT-PCR over a 24 hour period. We chose representative
ISGs from two categories: i) those that encode transcription factors, or proteins that complex
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with transcription factors (Statl, Stat2, Irf7, and Irf9); and ii) those that encode proteins that
directly participate in the antiviral response (Oasla and Isg15)(26).

The pattern and magnitude of gene induction differed significantly between neurons and
MEF following IFNJ exposure, even at timepoints when the pStatl and pStat2 expression
levels were similar between cell types. Antiviral genes Oasla and Isgl5 were highly induced
in MEF, whereas neuronal expression of these genes was negligible (Fig. 2Ai-ii). In sharp
contrast, neuronal MRNA synthesis of Stat1 and Irf7 was higher than in MEF, while no
significant differences between cell populations were evident in Stat2 and Irf9 expression
(Fig. 2B). These results, albeit using a limited number of type | IFN target genes, indicate
that neurons and MEF mount distinct responses to IFNB, likely diversifying the cell type-
specific response to infection at the level of gene expression.

We next sought to define the underlying cause of the distinct gene expression profiles
between these cell types. We hypothesized that expression of some genes may not be
significantly elevated following IFN exposure if basal expression was already high. To
determine whether this was the case, we compared basal expression levels of these genes in
neurons and MEF (Fig. 3). Raw data (expressed as differences in dCt values) are shown in
Fig. 3A, and fold-differences are represented in Fig. 3B (Fig. 3Bi: genes with higher basal
levels in MEF; Fig. 3Bii: genes with higher basal levels in neurons). Notably, both Statl and
Irf7, which were more highly induced in neurons following IFNJ exposure, were expressed
at significantly higher levels in MEF under basal conditions. Interestingly, there was no
difference in basal levels of Irf3, which together with Irf7 plays a role in regulating
expression of type I IFNs. Also of interest were the basal expression levels of both Oasla
and Isg15. While MEF, but not neurons, highly up-regulate Oasla in response to IFNp, there
were no significant differences in the basal expression levels of this gene in either cell type.
In contrast, 1sg15, which is also disproportionately induced in MEF following IFNJ
exposure, was expressed at significantly higher levels in untreated neurons as compared to
MEF. Importantly, expression of the Ifnarl and Ifnar 2 subunits at the RNA level do not
differ significantly between the two cell types (data not shown). Thus, basal (or homeostatic)
cell-type specific gene expression profiles appear to be a variable in determining the
magnitude of induction of these genes following exposure to type | IFN.

3.3 Basal expression of type | interferons is higher in neurons compared to MEF

Differences in homeostatic expression of type | IFNs themselves may drive the unique
signatures of basal ISG expression. Expression of the majority (7/12 genes) of type | IFNs
examined at an RNA level was significantly higher in neurons than MEF under unstimulated
conditions (Fig. 4A-B). Notably, type | IFN types known to be important during viral
infection were among the most disproportionately expressed in neurons. To exclude the
possibility that elevated type | IFN expression was an artifact of primary neuron cultures, the
expression of type | IFN was quantified in freshly isolated embryonic mouse hippocampi,
which at day E15-16, are comprised of mostly neurons (22). The expression of type I IFNs
in hippocampi were comparable to in vitro cultured neurons from the same litter of embryos
(data not shown).
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3.4 Type | IFN restricts viral replication in MEF but not primary neurons in vitro

To determine the effect of elevated basal type | IFN expression in neurons on virus
infection, primary hippocampal neurons and MEF were infected with LCMV (MOI=1) with
or without addition of recombinant IFNS (100U/mL). Addition of recombinant IFNJ did not
appreciably decrease LCMYV levels in neurons over a 48 h time period (Fig. 5A, inset). In
sharp contrast, IFNp had potent antiviral activity against LCMV infection of MEF (Fig. 5A).
To determine whether this was a virus-specific effect, primary hippocampal neurons were
infected with MV (MOI=1) with or without the addition of IFNB. Again, addition of type |
IFN did not have an effect on viral load at 24 or 28 h following infection (Fig. 5B). This
further supports the hypothesis that the neuronal response to IFN is distinct from the
canonical response observed in MEF (25), and may primarily favor induce genes that are not
directly involved in viral clearance.

3.5 Type I IFN expression is required for early control of MV in vitro and in vivo but is
dispensable for survival

The surprising observation that exogenous IFNp did not have an effect on viral load in
neuronal cultures prompted us to confirm that type I IFN was actually required for neuronal
control of viral infection. To do so, CD46 and CD46/1fnar KO primary hippocampal neurons
were infected with MV (MOI=1), but in this experiment, no exogenous IFN was added.
Ablation of homeostatic type | IFN signaling in primary neurons renders them significantly
more vulnerable to viral infection, as evidenced by significantly elevated levels of viral
RNA in CD46/Ifnar KO neurons (Fig. 6A).

We previously showed (20) that T cells and IFNy are required for clearance of MV from the
CNS. To define the contribution of type I IFNs in the control of MV infection in adult mice,
we initially evaluated the survival of MV-permissive Ifnarl-deficient mice following MV
challenge. In these mice, only CNS neurons are permissive, allowing us to determine how
the presence or absence of IFN signaling influenced viral pathogenesis. Surprisingly, greater
than 75 percent of MV-challenged CD46/Ifnar KO survived infection, in contrast to CD46/
Rag-2 KO mice, which all showed significant weight loss coincident with the appearance of
signs of CNS disease, including ataxia, ruffled appearance, and seizures (Fig. 6C). While
viral titers from CD46/Ifnar KO mice were substantially higher than control,
immunocompetent CD46 mice at early times post-infection (days 3-10), CD46/Ifnar KO
mice eventually cleared the infection with similar kinetics to control mice (Fig. 6B), likely
owing to the presence of the protective adaptive immune response which appears within the
CNS by 7-10 days post-infection. (Of note, CD46/Ifnar KO mice succumb to a peripheral
infection with wild type vesicular stomatitis virus (VSV) much earlier than
immunocompetent mice, as previously published (data not shown)(27)). These data suggest
that, in vivo, there is a virus-type dependence on type | IFNs, and that the outcome of a
neuronal infection is influenced both by the basal IFN expression in neurons as well as the
challenge virus.
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4. Discussion

We can draw three conclusions from our data. First, the kinetics of Statl and Stat2 activation
in response to type | IFN differ in neurons and fibroblasts, and the resultant differences in
signaling have a significant impact on the resulting pattern of gene expression. We attribute
this to inherent variations in basal (homeostatic) expression of a number of these genes.
Second, we provide evidence that despite lower basal expression of select ISGs in neurons,
basal expression of type | IFNs themselves is significantly higher in neurons compared to
fibroblasts. The elevated homeostatic expression of neuronal IFN is critical and sufficient
for early control of viral infection. Finally, we demonstrate a requirement for IFN signaling
in early control of viral infection in vivo, while confirming that survival during viral
infection in the absence of type | IFN signaling is virus- and cell type-specific.

These data contribute to a growing literature which suggests that responsiveness to a
particular cytokine is regulated in a cell type-specific manner (12, 17-18, 28-29). Both type I
and type Il IFNs activate multiple Stat proteins, depending on which are bioavailable within
a given cell (28). We have previously shown that neurons respond uniquely to IFNy, with
markedly delayed, attenuated, and prolonged phosphorylation of Statl (18). It was
surprising to find that, in contrast, neurons and fibroblasts respond equally rapidly to IFNp.
There is evidence to suggest that expression levels of various Stats influence which are
actually activated by type I IFN (26). It is possible that, due to reduced basal expression of
both Statl and Stat2 in neurons, other Stat molecules or other IFN-induced pathways are
more highly activated, thus skewing the cellular response to a soluble ligand.

It is also interesting to note that basal expression, as well as patterns of induction of IFN-
stimulated genes, differs significantly between primary hippocampal neurons and
fibroblasts. While differences in gene induction between the two cell types can likely be
attributed to the variation in basal expression of these genes, it will be of interest to
determine the mechanisms underlying selective gene profiles such as Isg15, which are more
highly and consistently expressed in neurons. We have not determined whether the higher
levels of IFN expression in neurons are functioning in autocrine loops or whether mRNA or
protein is stored for rapid synthesis and release in the event of infection or injury (30-33).
However, given that, of the two primary transcription factors that drive expression of type |
IFN, Irf7 expression is lower in neurons and Irf3 expression is comparable between the two
cell types, it is reasonable to speculate that increased type | IFN mRNA in neurons results
from increased stability or neuronal storage of the RNA rather than higher levels of
transcription. Cardiac myocytes, which are similar to neurons in that they are a non-
renewable cell population, express increased levels of IFNp and several components of the
Jak-Stat signaling pathway (29), suggesting that vulnerable cell populations may utilize
higher basal IFN expression as a mechanism to protect against viral infection. Combined
with data presented here, a compelling case can be made that vulnerable cell populations
such as neurons may be “pre-armed” to respond quickly and specifically under conditions of
viral challenge.

We hypothesize that altered profiles of ISG and IFN expression are one mechanism by
which neurons protect themselves from the potentially deleterious immune response
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triggered by infection. It is well established that IFNs (as well as a variety of other
cytokines) have the potential to be neurotoxic (34-40). However, exposure of various cell
types to type | IFN renders cells less responsive to future exposure to the same cytokine
(25). It is conceivable, then, that neurons produce sufficient quantities of type | IFN to
desensitize them from future exposure to IFN, and possibly other cytokines, produced by
resident glial cells and incoming immune cells. This would render them less responsive to,
and therefore protected from, the incoming immune response to infection.

Type | IFNs are necessary for early control of many viral infections (41-47). Interestingly,
while the absence of type I IFN signaling leads to increased viral load in MV-infected NSE-
CD46 mice, its absence has a minimal impact on survival. Using a similar mouse model, it
was shown that survival of Ifnar-deficient mice following MV infection was dependent on
viral dose (48). Morever, unrelated viruses that strongly induce a type | IFN response have
been shown to be controlled by different profiles of I1SGs specifically in the CNS (49). It is
possible, therefore, that survival in the absence of type I IFN signaling may be influenced in
part by the kinetics of viral replication and spread, as well as the timing of the incoming
adaptive immune response. Presumably, in our model, incoming IFNy-producing T cells are
able to efficiently control infection in mice lacing type | IFNs. It will be of interest to
determine whether the ~20% of Ifnar-deficient mice that succumb following infection die
due to unrestricted infection, or whether neurons lacking type | IFN signaling are rendered
hypersensitive to other cytokines, resulting in immune-mediated neuronal damage and loss.
Some interferons are more effective against particular viruses, in part because distinct type |
interferons engage the receptor with different affinity. For these studies, we chose IFN-beta
because it is generally used as a “representative” IFN in the literature, though future efforts
will look at differential type I IFN expression following infection, and outcomes following
neuronal exposure.

The differences observed between neurons and fibroblasts may afford some protection to
generally non-renewable neurons: for example, Oasl and Pkr tend to be associated with cell
suicide, and thus their robust induction in fibroblasts may help to eliminate potential viral
factories, whereas a similar response in neurons may result in catastrophic neuronal loss. In
related work from our lab, we have shown that IFNy addition in neurons does not trigger the
usual antiviral transcriptional program, but rather selectively induces pro-survival pathways
and genes (O'Donnell, et al, unpublished observations). Efforts are underway to explore how
the altered cellular responses to these critical immune mediators may shape viral clearance
and influence host survival.

Our data provide further evidence for complex, cell type-specific responses to extracellular
cytokines, and suggest that vulnerable cell populations (for example, those that cannot be
repopulated), can be pre-armed to contend with infections and the potentially damaging
immune responses that such infections induce. These data could be especially interesting if
interpreted in light of current treatment for multiple sclerosis. The primary treatment still
used is recombinant IFNB, though the mechanism of action remains incompletely
understood (reviewed in 50, 51). While research geared toward understanding this
mechanism has focused primarily on the effect of IFN on immune cells, it will be interesting
to determine how IFN treatment affects the cellular response to incoming immune cell
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populations. An overarching conclusion of this study, and similar studies like it, would be
that the contributions of cytokines in infection and other diseases must be considered in a
disease- and cell type-specific manner if they are to be completely understood and
therapeutically exploited.
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Figure 1. Kinetics of Stat1/2 phosphorylation in response to IFNB are distinct in neurons and
MEF

Primary hippocampal neurons and MEF were treated with 100U/mL recombinant IFNf or
vehicle control. Protein lysates were collected 3, 6, and 24 h thereafter and immunoblotted
for total Statl, pStatl (Tyr-701), and Gapdh (A) or total Stat2, pStat2 (Tyr-690), and Gapdh
(B). Western blots shown in the Figure are representative of three, independent experiments
with identical outcomes.
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Figure 2. Neurons and MEF respond with different patterns of ISG induction in response to

IFNB

Primary hippocampal neurons and MEF were treated with 100U/mL recombinant IFNp.
RNA lysates were collected 3, 6, and 24 h thereafter and analyzed for expression of Oas1A
(Ai.), 1sg15 (Aii.), Statl (Bi.), Stat2 (Bii.), Irf7 (Biii.), and 1rf9 (Biv.) by gRT-PCR. Relative
gene expression level represents pooling of data from three independent experiments after

normalization within a given experiment. *p<0.05, **p<0.01.
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Figure 3. Basal levels of select ISGs differ between neurons and MEF
RNA lysates were collected from untreated primary hippocampal neurons or MEF and

analyzed for expression of Statl, Stat2, Irf7, Irf9, Oasla, and Isgl5 by gRT-PCR. A: dCt
value following normalization to ppib (cyclophilin B). (Recall that each increase in dCt
value represents two-fold less RNA in the sample). B: fold-difference in gene expression
comparing MEF to neuron (i) or neuron to MEF (ii). Relative gene expression levels
represents pooling of data from independent experiments after normalization within a given
experiment. Results are representative of 3 independent experiments. *p<0.05, **p<0.01.
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Figure 4. Expression of type | IFNs under basal conditions is higher in neurons than in MEF
RNA from untreated primary hippocampal neurons or MEF was collected and expression of

IFNB, IFNal, IFNa4-9, and IFNal11-14 was detected by qRT-PCR and expressed as dCt
following normalization to ppib (cyclophilin B) (A) and fold difference in neuronal
expression compared to MEF (B). *p<0.05, **p<0.01. A representative experiment of four
is shown.
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Figure 5. IFNB restricts viral replication in MEF but not primary neurons
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W LCMmv

| LCMV + IFNB

Primary hippocampal neurons or MEF were treated with 100U/mL recombinant IFNf or
vehicle control and infected with LCMV (MOI=1) (A) or MV-Edmonston (MOI=1) (B).
RNA was collected at 24 and 48 h post-infection and viral replication was detected by qRT-
PCR. Relative gene expression level represents pooling of data from independent
experiments after normalization within a given experiment. Results are representative of 3
independent experiments. **p<0.01.
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Figure 6. Type | IFNs play a role in restriction of early viral replication in vitro and in vivo but
are dispensable for survival following MV infection

A: CD46 and CD46/Ifnar KO primary hippocampal neurons were infected with MV
(MOI=1). RNA was collected at 24 and 48 h post-infection and viral replication was
detected by gRT-PCR. B: MV-infected animals were sacrificed at various timepoints and
brains collected for RNA analysis. Relative gene expression level represents pooling of data
from independent experiments after normalization within a given experiment. Results are
representative of 3 independent experiments. *p<0.05, **p<0.01. C: CD46, CD46/Rag KO,
and CD46/Ifnar KO were infected intracranially with 104 PFU MV-Edmonston and
monitored daily for morbidity and mortality.
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