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A mechanism for selective induction of 2'-5
oligoadenylate synthetase, anti-viral state, but not
MHC Class I genes by interferon-beta in neurons
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Interferon-inducible expression of major histocompatibility class I genes has
previously been found to be quantitatively and functionally deficient in neurons
compared to other somatic cells or other neural cell types including astrocytes.
This deficiency is a key component of neuronal immunoprivilege during viral
infections of the CNS. To the contrary, in the present study, induction of
functional antiviral state by IFN- in neurons compared to astrocytes was found
to be highly efficient with respect to both viral replication and protection from
cytopathic effects. A candidate antiviral state gene found to be efficiently
induced in neurons by IFN-$ was the 2'-5'-oligoadenylate synthetase (OAS)
gene. Unlike MHC class I genes, induction of OAS was comparable in neurons
and astrocytes indicating differential expression in these neural cell types.
Analysis of OAS gene promoter activity indicated that induction of the OAS
gene by IFN- was dependent on a region containing the interferon stimulated
responsive element (ISRE). In contrast, a construct containing the MHC class I-
ISRE responsible for induction by IFN-§ in astrocytes was not responsive to
IFN-f in neurons. Therefore, transcription factor binding to the OAS- and MHC-
ISREs was analyzed. While the OAS and MHC Class I site bound equal amounts
of the transcriptional repressor IRF-2, the OAS-ISRE preferentially interacted
with the transcriptional activator ISGF3 in response to IFN-f. Further, unlike
neurons, upregulation of MHC class I genes in astrocytes was related to binding
of IRF-1 instead of IRF-2 to the MHC-ISRE. It is proposed that selective
activation of anti-viral state genes compared to MHC class I genes by IFN-$ in
neurons is mediated by preferential induction and binding of ISGF3 to anti-
viral state gene ISREs but not the MHC-ISRE.
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Introduction

Exposure of cells to interferons results in the
induction of multiple genes important for the
general host response to virus infection. Through
various intracellular mechanisms, the actions of
these interferon-inducible genes both promote cel-
lular anti-viral immune responses by induction of
MHC and accessory adhesion molecules in the
infected tissue and establish an antiviral state in
which viral replication is inhibited (Landolfo et al,
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1995; Sen and Ransohoff, 1993; Hovanessian, 1991).
Many interferon-inducible genes including MHC
class I, (2'-5") oligoadenylate synthetase (OAS), the
double-stranded RNA-dependent protein kinase
(PKR), ISG15, guanylate binding protein (GBP), and
ISG54 contain cis-acting interferon stimulated re-
sponse elements (ISREs) in their promoter regions
(Benech et al, 1987; Cohen et al, 1988; Lew et al,
1991; Levy et al, 1988; Saunders et al, 1985;
Rutherford et al, 1988). ISREs, characterized by
repeats of the hexamer AAGTGA and a consensus
motif of GGYAAAY (A/T) GAAACTY (Levy et al,
1988), are the primary promoter elements respon-
sible for regulation of antiviral state genes. ISREs
bind the transcription factor interferon stimulated
gene factor 3 (ISGF3) (Fu et al, 1992), as well as
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interferon regulatory factors 1 and 2 (IRF-1 and IRF-
2) (Harada et al, 1989; Coccia et al, 1995 ). ISGF3 is a
transcriptional activation factor consisting of tyro-
sine phosphorylated STAT1o and STAT2 com-
plexed as a heterotrimer with IRF family member
ISGF3y/p48 (Fu et al, 1992). ISGF3y is so named
because it is substantially increased in cells after
pre-treatment with IFN-y and therefore allows much
greater induction of ISGF3 upon subsequent treat-
ment with either IFN-o/f. IRF-1 is also a positive
regulator of interferon-inducible gene transcription
(Tanaka et al, 1993), whereas IRF-2 acts as either a
competitive inhibitor for binding of IRF-1 (Harada et
al, 1990) or directly as a transcriptional repressor,
consequently blocking induction of genes by IRF-1
(Yamamoto et al, 1994). IRF-1 induction by inter-
ferons is transcriptionally regulated and depends
mainly on an enhancer (y-activation site, GAS) that
binds to STAT1a homodimers (y-activated factor,
GAF). Thus, the obligate role of STAT 1« in antiviral
responses (Horvath and Darnell, 1996; Durbin et al,
1996; Ihle, 1996; Bandyopadhyay et al, 1995) is
reflected in its presence in transcription factor
complexes that act on antiviral state genes.

It has previously shown that in neurons, unlike in
other cell types, neither ISGF3 nor IRF-1 is induced
in response to interferons when probed with the
MHC class I ISRE (Ward and Massa, 1995). The lack
of IRF-1 in neurons was found to be transcription-
ally regulated and most likely accounted for the lack
of MHC class I expression (Massa and Wu, 1995).
The latter was in agreement with related studies on
the regulation of MHC class I molecules and IRF-1
(Drew et al, 1993; 1995a; Kumar et al, 1997; Hobart
et al, 1997). Moreover, upon exposure to double
stranded RNA, the transcriptional repressor IRF-2
was uniquely induced to high levels in neurons and
probably further contributed to suppresssion of the
MHC class I genes (Ward and Massa, 1995; Drew et
al, 1995b). Surprisingly, however, we have found
that antiviral state was efficiently induced in
neurons in response to interferons, suggesting that
the molecular mechanisms for induction of anti-
viral state genes may be selective for this particular
subset of genes. The latter suggested the distinct
possibility that interferons were able to induce
transcription factors that selectively acted on genes
responsible for blocking viral replication but not on
MHC class I genes.

The expression of antiviral state genes that
interfere with viral replication in neurons may be
particularly important because neurons do not
express MHC class I molecules. Thus, whereas lack
of MHC class I molecules on neurons allows these
nonregenerative cells to escape immunopathologi-
cal damage during viral infection (Joly et al, 1991;
Joly and Oldstone, 1992; Massa et al, 1993;
Sedgwick and Dorries, 1991), induction of antiviral
state by IFNs or other distinct mechanisms may be
critical for protecting these cells against direct

cytopathic effects of the virus and reduction of
virus spreading (Levine et al, 1991; 1996; Mokhtar-
ian et al, 1996; Tucker et al, 1996; Schijns et al,
1991; Ward and Massa, 1995; Mucke and Oldstone,
1992). The latter is in accordance with findings that
neurons produce large amounts of IFN-f upon viral
infection and that this IFN-§ acts in an autocrine
and paracrine fashion to promote antiviral state but
not MHC class I molecules (Ward and Massa, 1995).
This finding was of interest because MHC class I,
IFN-f, and antiviral state genes are commonly co-
regulated by trans-acting factors acting on related
ISREs (Massa et al, 1993; Benech et al, 1987;
Lenardo et al, 1989; Fan and Maniatis, 1989; Korber
et al, 1988; Israel et al, 1989) and because type I
interferons including IFN-p have been shown to be
critical in controlling neurotropic virus infections
in the brain (Fiette et al, 1995; Steinhoff et al, 1995).
Therefore, we wanted to determine how particular
antiviral state genes could be induced by IFN-f in
neurons in a way that would not induce MHC class I
molecules. To address this issue, we chose to study
the expression of the OAS gene because of its
regulation, like MHC class I genes, by an important
ISRE in response to IFN-f and its well characterized
role in suppressing replication of viruses of
particular neuropathological significance (Sriram
et al, 1989; Kumar et al, 1988).

Results

Efficient induction of antiviral state by IFN-f§ in
neurons and astrocytes

To determine whether recombinant IFN-f was able
to induce antiviral state in neurons and protect
against cytopathic effects (CPE), cultures were
treated with IFN-f and then infected with encepha-
lomyocarditis virus (EMCV). Astrocytes were trea-
ted in parallel cultures for comparison. Without
IFN-f pretreatment, EMCV caused extensive CPE in
both neurons and astrocytes by 18 h post-infection
at a multiplicity of infection of 1 (Figure 1) and
resulted in the production of relatively high levels
of infectious virions (Figure 1). However, treatment
of neurons and astrocytes with IFN-f for 4 h prior to
infection protected the cells against both CPE and
viral replication (Figure 1). Interestingly, IFN-f-
treated neurons appeared more resistant than
astrocytes to both virus replication and CPE
following EMCV infection if treated with IFN-§
after, rather than before, infection (Figure 1).
Compared to neurons, astrocytes showed little
change in virus production relative to treatment
timing but showed a profoundly increased suscept-
ibility to CPE when treated after infection. Thus,
protection from virus replication and CPE may be at
least partly separable events in these cells. This
possibility was supported by the observation that
even though neurons and astrocytes were equally
protected from CPE in the pre-treatment group,
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Figure 1 Induction of antiviral state and protection from CPE in
neurons and astrocytes infected with EMCV. In groups 1-3,
neurons and astrocytes were treated with 0 and 1000 U/mL of
recombinant murine IFN-f for 4 h and then infected with EMCV.
In group 4, cultures were first infected with EMCV then
subsequently treated with 1000 U/mL of IFN-f to assess the
relative pace of anti-viral state induction in the cells. Eighteen
hours after infection, both virus production and CPE were
quantified by the MTS assay.

virus replication was nearly three orders of
magnitude higher in astrocytes than in neurons in
this group. In sum, these data indicated a relatively
rapid onset of anti-viral state in neurons.

Selective OAS gene induction in neurons
A number of antiviral state genes induced by IFN-§
are probably responsible for resisting EMCV repli-
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cation and cell death in the neuronal cultures.
However, analysis was initially focused on the
regulation of the OAS gene because of its critical
role in resisting EMCV replication (Coccia et al,
1990; Rutherford et al, 1996; Kumar et al, 1988;
Gribaudo et al, 1991). As expected from previous
studies, RT —PCR analysis revealed little induction
of MHC class I genes in RNA extracts from neurons
compared to that seen from astrocytes (Figure 2).
However, despite the lack in both constitutive and
inducible expression of MHC class I genes in
neurons, OAS mRNA was induced to about the
same level in neurons and astrocytes (Figure 2).
These data indicated that IFN-§ preferentially
affected OAS gene promoter activity in neurons
and transcriptional regulation most likely ac-
counted for differential induction of the OAS and
MHC class I genes in these cells.

Selective responsiveness of ISRE-containing
promoters to IFN- in neurons

It has been shown that the region from —109 to
—89 bp upstream of both the human and mouse
OAS gene promoters, which contains a functional
ISRE, is responsible for interferon-inducible expres-
sion of these genes (Benech et al, 1987; Ghosh et al,
1991; Rutherford et al, 1991). We therefore utilized
CAT constructs (Figure 3A) to assess the role of
these sequences in neurons. Primary cultures of
neurons were transfected with either CAT con-
structs containing the endogenous OAS promoter
region with the OAS-ISRE enhancer or with an
identical construct lacking the ISRE. An MHC class I
promoter construct containing the related ISRE was
transfected in parallel in neurons and astrocytes.
Transfected cells were treated with either 1000
U/ml of IFN-f or medium alone and processed for
CAT activity 24 h after treatment. While the full
length OAS promoter CAT construct was strongly
inducible by IFN-f by approximately tenfold
(Figure 3B), the construct lacking the OAS-ISRE
was not induced. Also, the MHC class I construct
containing the MHC-ISRE was not induced by IFN-f
in neurons (Figure 3B), however the same construct
was induced by approximately fivefold in astro-
cytes in response to IFN-f (Massa and Wu, 1995).
This indicated that the region from —159 to —83 of
the OAS gene, which contains the functional ISRE,
is responsible for the IFN-f$-inducible expression of
the OAS gene construct in neurons but that a related
site in the MHC class I construct is specifically
silent in neurons.

ISGF3 is induced in neurons treated with IFN-f

Because neither IRF-1 nor ISGF3 was detected in
neurons in past studies using the MHC class I gene
ISRE as the probe, it was initially unclear how the
OAS gene was induced in neurons in response to
IFN-p. Therefore gel shift assays utilizing radiola-
beled oligonucleotides corresponding to the OAS
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Figure 2 Comparison of induction of MHC class I and OAS
gene mRNA in neurons and astrocytes treated with 1000 U/mL of
IFN-p for 8 h. RT —PCR was performed on the same RNA extracts
using primers for either OAS, MHC class I, or GAPDH as
constitutive control.

and MHC class I ISREs were performed to identify
possible site-specific factor binding. Both the OAS
and MHC class I ISREs bound equally to IRF-2
which was slightly increased following IFN-$
treatment and reacted specifically with an antiser-
um to IRF-2 (Figure 4). However, the OAS-ISRE
bound preferentially to a highly inducible activity
that was barely detectable with the MHC-ISRE
probe (Figure 4). This activity had characteristics
consistent with ISGF3 including relatively low
mobility compared to IRF-2 and specific reactivity
to antisera to STAT1a but not with antisera to
STATS, IRF-1, or IRF-2 (Figure 4). Also consistent
with the ISGF3-like nature of the complex was the
independence of protein synthesis for induction by
IFN-f. ISGF3 binding to the OAS-ISRE was rapidly
induced to approximately the same levels by IFN-§
in the presence or absence of the protein synthesis
inhibitor cycloheximide (Figure 4). However, as
expected, cycloheximide effectively blocked the
increase of IRF-2 in the same extracts (Figure 4),
consistent with its dependence on transcription and
translation for induction.

Figure 1 demonstrated that induction of antiviral
state was efficient in neurons despite the lack of
MHC class I induction after treatment with IFN-pS.
Therefore, we proposed that MHC class I induction
may relate to IRF-1 expression in astrocytes
whereas OAS induction may depend on ISGF3
activation in both astrocytes and neurons. There-
fore, neurons and astrocytes were treated with IFN-
f and induction of both IRF-1 and ISGF3 was
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Figure 3 Induction of the (2'-5) oligoadenylate synthetase
(OAS) gene requires a promoter region containing an ISRE
sequence (underlined). (A) OAS CAT constructs that either
contain the ISRE sequence [OAS (+ISRE)], or do not [OAS
(—ISRE)]. The pOAS (+ISRE). CAT plasmid construct contains
sequences between +82 and —159 relative to the mRNA start
site of the OAS gene (see Materials and methods). The pOAS
(—ISRE). CAT construct is so designated with the ‘—’ (negative)
as it lacks the sequences between —82 and —159 including the
ISRE. A CAT construct containing the related ISRE (underlined)
of an MHC class I gene promoter is also shown. (B) Primary
cultures of neurons and astrocytes were transfected with the
CAT constructs shown above and treated with either 1000 U/mL
IFN-f or media alone for 24h. CAT enzyme activity was then
analyzed by thin layer chromatography and quantified on a
scintillation counter. Fold induction is relative to control
cultures not treated with IFN-f with an induction ratio of
approximately 1 compared to a promoterless CAT construct.
Absolute CAT activity in control cultures was equal between
CAT constructs and cells. CAT induction represents the average
of two independent experiments.



© & 42

A A R s R

AC - - . oo PP E T WL
CHX = = = = = = = = - -« - - - - - + 4
IFN-G = + + - + + - + + + + + + + + - +

ISGF3
—_—

IRF-2

OAS-ISRE Probe

OAS-ISRE | MHC-ISRE
Probe Probe

Figure 4 Induction, characterization, and specific binding of
ISGF3 activity to the OAS-ISRE analyzed by gel mobility shift.
Left panel: Neurons were treated with 1000 U/mL IFN-§ for 2h
then processed for gel mobility shift analysis using either the
OAS- or MHC class I- ISRE probe. Antibodies to STAT1o were
added to some of the reactions as indicated to identify STAT1o-
containing activities. Right: Same extracts and treatments as on
the left but probed with the OAS-ISRE oligonucleotide and
various antibodies and unlabeled oligonucleotide competitors as
indicated at the top of the gel. Bands corresponding to either
ISGF3 or IRF-2 are indicated. Ab/C: Antibody or unlabeled
competitor oligonucleotides added to individual reactions as
shown at the top of the gel. CHX: 50 ug/ml cycloheximide was
added to some of the cultures with IFN-f to test dependence of
induction of the ISGF3 and IRF-2 on protein synthesis.

analyzed. After IFN-§ treatment, astrocytes ex-
pressed somewhat lesser amounts and ISGF3 than
neurons. However, astrocytes, pretreated for 24 h
with IFN-y, followed by a 1 h pulse with IFN-$
expressed about the same level of ISGF3 as neurons
(Figure 5) indicating that IFN-y was able to prepare
astrocytes to respond to IFN-f perhaps by increas-
ing ISGF3y. IFN-y pretreatment also further in-
creased ISGF3 binding activity in response to IFN-
f in neurons (Figure 5). However, IFN-y pretreat-
ment also led to much higher expression of IRF-1 in
astrocytes compared to neurons (Figure 5). Higher
expression of IRF-1 in astrocytes was also seen with
cultures treated with IFN-f alone. The data taken
together are consistent with the preferential activa-
tion of ISGF3 binding to the OAS-ISRE in neurons
and of IRF-1 in astrocytes in response to IFN-f.

Relatively high binding activity of ISGF3 to the
OAS-ISRE

As shown in Figure 4, ISGF3 bound to the OAS-ISRE
with apparent high affinity compared to the MHC-
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Figure 5 Analysis of relative levels of ISGF3 in neurons and
astrocytes induced with IFN-f. Neurons and astrocytes were
treated with 1000 U/mL IFN-f for 1h then probed using the
OAS-ISRE. ISGF3 is reactive to the antiserum to STAT1a as
labeled. IRF-2 and IRF-1 in extracts are also labeled. In the last
two lanes, neurons and astrocytes were treated with 100 Units/
mL recombinant murine IFN-y for 24h prior to the 1h
stimulation with 1000 U/mL IFN-f to increase both IRF family
members IRF-1 and ISGF3y/p48.

ISRE. Also, while ISGF3 was readily competed from
the OAS-ISRE probe with unlabeled OAS-ISRE,
little competition was seen with excess unlabeled
MHC class I-ISRE oligonucleotide (Figure 4). To
further verify the selective binding of ISGF3 to the
OAS-ISRE, competition assays were performed
using increasing concentrations of ISRE competitors
(Figure 6). As expected, the OAS-ISRE competed
well at all concentrations for ISGF3 activity whereas
the MHC class I site did not compete well even at a
500-fold excess to the probe. A related ISRE from the
ISG15 gene also was able to compete for ISGF3 as
previously reported (Reich and Darnell, 1989)
further indicating a specific deficiency of the
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Figure 6 Analysis of differential binding activity of ISGF3 and
IRF-2 in neurons by titration against various unlabeled
competitor ISRE oligonucleotides as indicated at the top of the
gel. The OAS-ISRE was used as the labeled probe. Extracts were
produced from neurons treated for 1h with 1000 U/mL IFN-f.
The ramp above the lanes indicates increasing unlabeled
competitor oligonucleotide to probe ratios in the order of 20-
fold, 100-fold, and 500-fold excess competitor. Bands corre-
sponding to ISGF3 and IRF-2 are labeled. The «B site of the IRF-
1 gene promoter region is used as a non-specific competitor
oligonucleotide.

MHC-ISRE site to bind to ISGF3. However, the MHC
class I site competed as well as the other ISREs for
IRF-2 binding (Figure 6) indicating that the se-
quence requirements for IRF-2 and ISGF3 factor
binding were distinct and highly selective.

The data taken together indicated that neurons
expressed relatively high levels of ISGF3 in
response to IFN-f$ while astrocytes expressed more
IRF-1. The latter is in accordance with the relative
expression of the OAS and MHC class I genes in
neurons and astrocytes, respectively (Figure 1)
(Massa et al, 1993; Ward and Massa, 1995). In
summary, it is proposed that strong preferential
interaction of IFN-f-inducible ISGF3 with the OAS-
ISRE relative to MHC class I ISRE is responsible for
selective activation of the OAS gene and anti-viral
state in neurons.

Discussion

OAS gene regulation was chosen for study because
OAS has been shown to be active against EMCV
replication and therefore may be relevant for
antiviral state to neurotropic picornavirus infections
in neurons (Williams et al, 1979; Rutherford et al,
1996; Coccia et al, 1990). Further, because both
OAS and MHC class I genes are regulated by related
ISREs, these studies were important to uncover
possible mechanisms for differential activity of the

ISREs in the two genes in neurons. In the current
study it was found that neurons strongly expressed
the OAS but not MHC class I genes when exposed
to IFN-p and it was confirmed that the regulation of
the OAS gene in neurons, as in other cells, occurs
through the promoter region containing the ISRE.
Furthermore, it was found that neurons utilized a
mechanism for OAS gene induction in whch ISGF3
was induced by IFN-$ and bound selectively to the
OAS-ISRE thereby allowing induction of anti-viral
state and silence of the MHC class I genes.

In accordance with the present observations,
ISGF3 displays different binding specificities to
various ISREs and related sequences (Veals et al,
1993). Whereas IRFs including IRF-1, IRF-2, and
ISGF3y/p48 generally require only the central nine
nucleotide core of the ISRE (Tanaka et al, 1993;
Veals et al, 1993), heightened binding affinity of
ISGF3y/p48 to the ISRE can be achieved through
flanking sequences with apparent affinities for
ISGF3y/p48-associated STATSs (Veals et al, 1993).
In this way, the inherent weak binding of p48
relative to other IRFs to the core element is
increased dramatically by the binding of STATSs to
these flanking sequences (Bluyssen et al, 1997). In
particular, STAT1a appears to have high binding
affinity for sequences containing the GAS half-site
trinucleotide TTC located outside and at the border
of the core IRF binding site (Decker et al, 1997;
Bluyssen et al, 1997). Interestingly, the two
oligonucleotide sequences, OAS-ISRE and ISG15-
ISRE that bound to ISGF3 in the present studies
contained a TTC trinucleotide just adjacent and 5’ to
the core IRF element but not seen in either strand of
the MHC class I ISRE flanking sequences (Figure 7).
Preliminary studies using a probe with the TTC
sequence deleted but the core OAS-ISRE intact,
showed that ISGF3 binding was entirely lost but
that IRF-2 binding remained intact and similar to
that seen with the MHC class I ISRE (unpublished
observations, PT Massa).

Therefore, a tentative model is proposed in which
ISGF3 binds with high affinity and specificity to the
OAS-ISRE but not the MHC-class I ISRE. This
binding is imparted by synergistic interactions of
both STAT1a with the TTC sequence of the GAS-
like half site of the OAS-ISRE and of ISGF3y/p48
with the core IRF-element (IRF-E) (Figure 7). Rather,
the MHC-class I ISRE is presently considered to be a
highly selective interferon regulatory factor element
(IRF-E) to denote its selective affinity for IRFs
similar to the PRDI site of the IFN-f gene which
binds solely to IRFs-1 and -2 but not to ISGF3 (Veals
et al, 1993). Thus, the selectivity of ISGF3 binding
to the OAS-ISRE over that of the MHC class I site is
not entirely unexpected but has to our knowledge
not been previously characterized nor its functional
importance elucidated. The preferential expression
of ISGF3 and IRF-2 in neurons and the strong
binding of ISGF3 to the OAS-ISRE in response to



< .
5 CCTTCTGAGGAAACGAAACCAACAGC 3
OAS-ISRE

GAS-like site

class 1 -135 -160

5 TAGGTGCAGAAGTGAAACTGAGGAGA 3
MHC-ISRE(IRF-E)

|

Figure 7 Summary of selective transcription factor/ISRE
interactions consistent with present observations and previous
reports. It is proposed that the OAS-ISRE and MHC class I-ISRE
have identical binding affinity for IRFs including IRF-1, IRF-2,
and perhaps ISGF3y/p48 monomers. The ability of ISGF3y/p48
to complex with STAT 1o imparts selective high affinity for the
OAS-ISRE that is most likely related to flanking sequences at the
5" and/or 3’ border of the core IRF-E(9-base bold type sequence)
as previously reported (see discussion). It is hypothesized that
STAT1« binds to both ISGF3y/p48 and to a TTC trinucleotide
GAS half-site (bold trinucleotide) located immediately 5’ to the
IRF-E site to which ISGF3y/p48 binds. At the MHC class I-ISRE,
IRF-2 is the predominant factor bound in neurons, whereas IRF-
1 predominates in astrocytes. The latter is consistent with a
mechanism for cell-specific transcriptional repression and
activation of MHC class I and OAS genes, respectively (arrows),
in neurons, and activation of both genes in astrocytes. It is
proposed that the MHC site may not provide appropriate
flanking sequences for ISGF3 binding beyond the core IRF-E
(MHC-IRF-E) responsible for sole IRF-1/2 binding.

IFN-f suggests a specialized utilization of these
specificities to achieve selective gene expression in
response to interferons that is theoretically advan-
tageous.

Accordingly, IFN-f treatment of neurons led to a
slight increase in IRF-2 binding to the MHC class I-
ISRE but not of the ISGF3 binding activity. In cells
besides neurons that express MHC class I genes in
response to IFN-§ (e.g., astrocytes), the outcome is
distinctly different in that induction of IRF-1 rather
than IRF-2 occurs (Figure 5) (Massa and Wu, 1995;
Ward and Massa, 1995). Consistent with the latter, it
has been shown that induction of IRF-1 is critical for
expression of MHC class I genes in parenchymal
epithelial cells (Hobart et al, 1997; Chang et al,
1992) including those of neural origin, such as
astrocytes (Massa and Wu, 1995). Therefore, the
expression of IRF-2 and binding to the MHC class I-
ISRE in neurons may be of extreme importance in
the selective repression of MHC class I genes in
these cells in response to interferons (Figure 7). This
selective repression is thought to be important for
maintaining immunoprivilege during viral infec-
tions of the central nervous system (Oldstone, 1997;
Oldstone et al, 1986; Joly et al, 1991; Joly and
Oldstone, 1992; Massa et al, 1993; Rall et al, 1995).
Additionally, cell-specific expression of ISRE bind-
ing factors and sequence specific ISRE affinities for
these factors is likely to be the basis for differential
expression of ISRE-regulated genes in response to
IFN-$ in neural cells.

Selective induction of antiviral state in neurons
PT Massa et al

Materials and methods

Cell culture

Primary cultures of neurons were derived from the
cerebella of 8-day-old NIH Swiss mice (Harlan-
Sprague Dawley, Indianapolis, IN, USA) as pre-
viously described (Massa et al, 1993; Meier and
Schousboe, 1982). Briefly, cerebella were dissected,
minced, trypsinized, and subsequently plated onto
tissue culture dishes. Neurons were transfected at 1
day following plating and/or treated with IFN-f at 2
days post-plating. The cells were then utilized in
assays as indicated. Astrocytes were prepared from
newborn NIH Swiss mice (Harlan-Sprague Dawley,
Indianapolis, IN, USA) as previously described
(Massa et al, 1992, 1993) and the cultures were fed
at 5 days post-plating. At 6 —8 days after plating the
cultures were transfected with CAT constructs,
treated with interferon-f, and processed to either
extract mRNA for Northern blots or nuclear proteins
for gel mobility shift assays.

Culture reagents

Recombinant murine interferon-f (Calbiochem, San
Diego, CA, USA) and IFN-y (R+D Systems, Minnea-
polis, MN, USA) was used at either 10 100, or
1000 U/mL as indicated. Encephalomyocarditis
virus (EMCV) (American type culture collection,
Rockville, MD, USA) was used at 2.5 x 10° PFU/mL.

RNA extraction and PCR analysis

Total cellular RNA was extracted from neurons and
astrocytes by a guanidine isothiocyanate technique
(Chomczynski and Sacci, 1987). Five micrograms of
RNA were used in reverse transcriptase polymerase
chain reactions (RT —PCR) utilizing the Superscript
preamplification system (Life Technologies/Gibco-
BRL, Gaithersburg, MD, USA) and PCR primers
listed below. cDNA from RT -PCR reactions were
resolved on a 1% agarose gel, stained with ethidium
bromide, and quantified from digitized photographs
(Un-scan-it, Silk Scientific, Orem, UT, USA).
GAPDH primers were used for internal control
standards (Clontech Laboratories, Inc., Palo Alto,
CA, USA). Mouse OAS gene (Ichii et al, 1986)
primers used for RT—-PCR of the OAS mRNA
(corresponding to the 43 kD form of OAS) (Ichii et
al, 1986; Benech et al, 1985) were purchased (Bio-
synthesis, Inc., Lewisville, TX, USA): forward 5'-
GGTGGAGTTTGATGTGCTG-3'; reverse 5'-GGT-
CCAGGATCACAGGCCTG-3'. MHC class I gene
primers were: forward 5-GAGCTTGTGGAGAC-
CAGGC-3' and reverse 5-GCTCAGGCAGCCCCT-
TATG-3'.

CAT constructs and assay

MHC class I and OAS promoter CAT constructs
shown in Figure 3A have previously been described
(Segars et al, 1993; Benech et al, 1987; Cohen et al,
1988). The promoter sequences of these constructs
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are connected to a chloramphenicol-acetyl-transfer-
ase (CAT) gene used to measure promoter activity
(Gorman et al, 1982). Neurons were transfected with
3 ug of either construct using the DEAE-dextran
method (McCutchan and Pagano, 1968). Cultures
were also transfected with pCH-110, an SV40-f-
galactosidase gene construct (Pharmacia, Inc.,
Piscataway, NJ, USA) as a control for transfection
efficiency. Samples were analyzed using thin layer
chromatography and CAT activity was measured
using a scintillation counter.

Gel shift assays and oligonucleotide probes
Nuclear proteins were prepared from neurons and
astrocytes as previously described (Massa et al,
1992; Lee et al, 1988). Protein concentrations were
determined using the Biorad protein assay (Biorad
Laboratories, Richmond, CA, USA). The following
duplex oligonucleotide probes and competitors
were purchased (Bio-synthesis, Inc., Lewisville,
TX, USA): OAS-ISRE 5-CCTTCTGAGGAAAC-
GAAACCAA-3' (Benech et al, 1987; Cohen et al,
1988); MHC-ISRE 5-GTTAGGTGCAGAAGT-
GAAACTGA-3' (Miyazaki et al, 1986); ISG15-ISRE
5'-AAGGGAAACCGAAACTGAA-3’ (Reich and Dar-
nell, 1989); IRF-1-kB 5-TGGGGAATCCCGC-3’ (Har-
ada et al, 1994).

DNA probes for transcription factor binding
reactions were prepared by end-labeling DNA with
[y-**P]ATP using T4 polynucleotide kinase (Boeh-
ringer Mannheim Biochemicals, Indianapolis, IN,
USA). Binding of nuclear proteins to duplex
oligonucleotide probes was analyzed using a gel
shift mobility assay (Fried and Crothers, 1981;
Garner and Rezvin, 1981; Massa et al, 1993).
Radiolabeled DNA probes (30 000 c.p.m./ngDNA/
reaction) were incubated with 2.5—-15 ug of nuclear
extract in the presence of 0.5 ug of poly(dl:dC)
(Pharmacia, Inc., Piscataway, NJ, USA) for 40 min.
To further characterize proteins, some reaction
mixtures also had either competitor oligonucleo-
tides or antibodies to transcription factors added
before the labeled probe, and were incubated for an
additional 30 min. Reaction mixtures were electro-
phoresed on a 4% polyacrylamide gel and auto-
radiographs of the gels were photographed.

Antibodies to transcription factors
Antibodies to IRF-1 and IRF-2 were obtained from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA,
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MTS antiviral assays

For antiviral assays, neurons and astrocytes were
treated with the indicated amounts of IFN-§ or
medium alone for 4 h, washed, and subsequently
inoculated with encephalomycarditis virus for 1 h.
The inoculum was removed by repeated rinses,
plain medium was reapplied, and cell supernatants
containing virus were harvested 18 h after infec-
tion. In some experiments, cultures were infected
without prior IFN-f treatment then exposed to
exogenous IFN-f after infection to analyze the
relative effectiveness of post-infection treatment.
Cytopathic effects on neurons and astrocytes was
analyzed directly on these cells by the MTS assay
(Khabar et al, 1996). The MTS assay measures the
number of viable hydrogenase-containing cells
remaining in cultures as the result of CPE that
convert MTS, a tetrazolium dye, to a water-soluble
formazan as quantified by optical density. Released
virus in supernatants (virus production) of neural
cell cultures was assayed on Vero cells also by MTS
assay. The latter was performed by inoculating Vero
cells for 1 h with either astrocyte or neuronal virus
supernatants at multiple dilutions, washing the
inoculum from the cells, and then measuring viral
cytopathic effects the next day with a MTS cell
viability assay (Promega, Madison, WI, USA) and
computing the tissue culture dose that give 50% cell
death (TCD;,) (Reed and Muench, 1983). Twenty
microliters of the MTS solution was added to each
well of the microtiter plate and plates were
incubated 3 h at 37°C and, subsequently, optical
densities of cell cultures were measured using an
ELISA reader. In some wells no cells were plated
and color change in these wells was subtracted from
each reading as a measure of background activity.
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