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Interferon (IFN) regulatory factors (IRFs) are a family of transcription factors involved in regulating type I IFN genes and other
genes participating in the early antiviral host response. To better understand the mechanisms involved in virus-induced central
nervous system (CNS) inflammation, we studied the influence of IRFI, -3, -7, and -9 on the transcriptional activity of key genes
encoding antiviral host factors in the CNS of mice infected with lymphocytic choriomeningitis virus (LCMYV). A key finding is
that neither IRF3 nor IRF7 is absolutely required for induction of a type I IFN response in the LCMV-infected CNS, whereas con-
current elimination of both factors markedly reduces the virus-induced host response. This is unlike the situation in the periph-

ery, where deficiency of IRF7 almost eliminates the LCMV-induced production of the type I IFNs. This difference is seemingly
related to the local environment, as peripheral production of type I IFNs is severely reduced in intracerebrally (i.c.) infected
IRF7-deficient mice, which undergo a combined infection of the CNS and peripheral organs, such as spleen and lymph nodes.
Interestingly, despite the redundancy of IRF7 in initiating the type I IFN response in the CNS, the response is not abolished in
IFN-B-deficient mice, as might have been expected. Collectively, these data demonstrate that the early type I IFN response to
LCMYV infection in the CNS is controlled by a concerted action of IRF3 and -7. Consequently this work provides strong evidence
for differential regulation of the type I IFN response in the CNS versus the periphery during viral infection.

ype Linterferons (IFNs) (predominantly IFN-a/) are among

the earliest cytokines to be produced in the innate host re-
sponse to a viral infection. The initiation of this response relies on
the sensing of viral invasion by different types of cellular patho-
gen-recognizing receptors (PRRs) (26, 38). They include several of
the Toll-like receptors (TLRs), together with an increasing num-
ber of cytosolic receptors detecting nucleic acid sequences indic-
ative of viral presence within the host cell (24, 26,27, 30, 38, 41, 49,
56, 59). Upon engagement of the relevant PRRs, several transcrip-
tion factors, including interferon regulatory factors (IRFs), acti-
vator protein 1 (AP-1), and NF-kB, are activated and translocated
into the nucleus to induce the expression of proinflammatory cy-
tokines and type I [FNs. Induction of a broad range of type I IFNs
and IFN-stimulated genes (ISGs) involves several members of the
IRF family. In fibroblasts and epithelial cells, the production of
type I IFNs is biphasic, and in the earliest response, phosphoryla-
tion of IRF3 leads to the production of small amounts of IFN-3
and IFN-a4 (34, 51). The secreted IFNs act in a paracrine/auto-
crine manner with locally expressed type I IFN receptors
(IFNARs), and this interaction causes several important second-
ary response molecules, including IRF7, to become upregulated in
the type I IFN-exposed cells. As a result of IRF7 induction, the
expression of all type I TFN species is facilitated, and the full-range
type I IFN response is triggered (20, 52). In plasmacytoid dendritic
cells (pDCs), the sequence of events is slightly different from that
described above, in part because IRF7 is constitutively expressed
at a high level in these cells. For this reason, pDCs respond very
efficiently, even at the earliest sensing of viral infection, and large
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amounts of [FN-a are rapidly produced and released from the
cells (3, 47).

Other IRFs also play a role in regulating the early type I IFN
response. IRF1 may be involved in CpG-B induced IFN-f produc-
tion (40) and has recently been found to play a crucial role in
virus-induced, IPS-1-dependent signaling from peroxisomes
(13).In addition, upon binding of type I IEN to its receptors, IRF9
associates with phosphorylated STAT1/STAT?2 dimers to form the
canonical IFN-activated transcription factor ISGF3. ISGF3, as well
as IRF3 and IRF7, may bind to IFN response elements (ISREs)
present in the promoters of ISGs and activate the transcription of
these genes, which limit viral replication through multiple mech-
anisms (48, 53).

Originally, IFNs were described based on their capacity to in-
duce and activate a number of proteins that inhibit various steps
in the viral life cycle (54, 55). Protein kinase R and 2,5-oligoad-
enylate synthase (2,5-OAS) are classical examples of this type of
molecule, which directly interferes with viral replication in type I
IFN-exposed cells (2, 15, 22, 28). However, type I IFNs also pro-
foundly impact the capacity of responding cells to produce a va-
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riety of cytokines and chemokines, e.g., CXCL10, which are essen-
tial for activation of endothelial cells and recruitment of innate
effector cells, e.g., NK cells and monocytes, to the site of infection.
Thus, the induction of a potent type I IFN response seems to
represent a cornerstone in the early innate response to viral infec-
tion. However, many details regarding the early regulation of the
antiviral host response and the precise role of type I IFNs in this
context are still unknown, and interestingly, as more and more
information regarding different viral infections in different organ
sites is becoming available, the number of variations on the overall
theme keeps increasing.

In this report, we have focused on studying the roles of key IRFs
in controlling the early type I interferon-dependent response to
infection of the central nervous system (CNS) with the prototypic
arenavirus, lymphocytic choriomeningitis virus (LCMV). Under-
standing the regulation of the type I IFN host response in the
virus-infected CNS is particularly important, as appropriate bal-
ancing of the inflammatory process in this sensitive organ is of the
utmost importance with regard to the clinical outcome of infec-
tion and the long-term well-being of the host (45). Furthermore,
the absence of pDCs and other cells with high constitutive expres-
sion of IRF7 from the neural parenchyma (12) makes it likely that
early events in this organ are different from what is observed in
most other organ sites.

Following intracerebral (i.c.) infection of the CNS, LCMV in-
duces an innate response that is most clearly expressed by day 3
postinfection (p.i.) (1, 39). In addition to this early, nonspecific
host response, the i.c. infection also triggers the adaptive immune
system and the expansion of virus-specific CD8" T cells in the
spleen and, to a lesser degree, cervical lymph nodes, and upon
their differentiation into mature effector cells, many are recruited
to the infected CNS (14). A key factor in this recruitment seems to
be the local production of the chemokine CXCL10, which inter-
acts with the chemokine receptor CXCR3 on the activated CD8 T
cells (6, 7). Upon contact between incoming CD8 T cells and vi-
rus-infected cells in different parts of the CNS, large amounts of
type ILIEN are released, further increasing the local production of
important chemoattractants, including CXCL10 (8). The whole
process culminates in a severe CD8™ T-cell-mediated inflamma-
tory reaction in essential parts of the CNS, cerebral edema, and
death 7 to 9 days after virus inoculation (8, 35). Using IFNAR-
deficient (IFNAR™'") mice, we have previously shown that type I
IFNs are essential in activating certain aspects of the local antiviral
host response, including the early production of CXCL10 (8).
However, it is not known how the early type I IFN response is
regulated within the LCMV-infected CNS, nor has the cellular
source(s) been described.

MATERIALS AND METHODS

Mice. Wild-type C57BL/6 (WT) mice were purchased from Taconic M&B
(Ry, Denmark). IFNAR (IFNR1)-, IFN-3-, and IRF7-deficient mice on a
C57BL/6 background were the progeny of breeder pairs maintained at the
Panum Institute, University of Copenhagen; IFNAR- and IRF7-deficient
mice both originated in the animal facility of R. Zinkernagel, Univer-
sitétspital, Ziirich, Switzerland, while the IFN-B-deficient mice originally
came from T. Leandersson, Lund University, Sweden. IRF1-deficient
mice came from the Jackson Laboratory, Bar Harbor, ME. IRF9-deficient
mice were bred at University Libre de Bruxelles, Gosselies, Belgium, and
IRF3-deficient mice came from Karolinska Institute, Stockholm, Sweden.
IRF3/7 double-knockout (KO) (IRF3/7/7) mice were either bred at the
Technical University Munich (single IRF KO mice have been described by
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Hondaetal. [18] and were originally obtained from the Riken Bioresource
Center, Japan, with permission from T. Taniguchi) or came from Univer-
sity Libre de Bruxelles, Gosselies, Belgium. All mice from outside sources
were allowed to acclimatize to the local environment for at least a week
before entering into experiments; by that time, the animals were typically
7 to 10 weeks old. The animals were housed under specific-pathogen-free
conditions, validated by testing of sentinels for unwanted infections ac-
cording to Federation of European Laboratory Animal Science Associa-
tion standards; no such infections were detected. Female mice were used
in most experiments, but when both sexes were used, no gender effect was
observed. Experiments were conducted in accordance with Danish na-
tional guidelines regarding animal experiments as approved by the Danish
Animal Experiments Inspectorate, Ministry of Justice.

Virus infection. Mice were infected i.c. with a virus dose of 10° 50%
lethal doses (LDs,) (~200 PFU) of LCMV Traub. LCMV is a noncytolytic
virus that causes little if any disease in immunodeficient mice (10, 21).
However, intracerebral inoculation of LCMV leads to infection of the
CNS, and in adult immunocompetent mice, the result is a severe CD8" T
cell-mediated meningoencephalitis to which the animals succumb
around day 8 or 9 p.i (9).

Isolation of total RNA for quantitative PCR (Q-PCR). Brains from
deeply anesthetized and exsanguinated mice were immediately removed,
snap-frozen in liquid nitrogen, and stored in a liquid nitrogen freezer.
Total RNA was extracted from the homogenized brains by use of an
RNeasy midi kit (Qiagen, Hilden, Germany).

Detection of mRNA in the brain by quantitative PCR. mRNA (1 j.g)
was reverse transcribed to cDNA using a RevertAid First Strand cDNA
synthesis kit (MBT Fermentas). For the Q-PCR reaction, Brilliant
SYBRGreen QPCR Mastermix was used according to the manufacturer’s
instructions (Stratagene, AH Diagnostics). Alternatively, Brilliant II
QPCR Mastermix and hexachlorofluorescein (HEX)- or 6-carboxyfluo-
rescein (FAM)-conjugated probes were used. The sequences of the prim-
ers and probes are shown in Table 1; as IFN-a covers more than 20 iso-
forms, primers and probes were designed using a previously published
consensus sequence (23). Target gene expression was normalized against
the glyceraldehyde 3-phosphate dehydrogenase (GAPDH) or porpho-
bilinogen (PBDG) housekeeping gene.

The Q-PCR program used in an Mx3000P Real-Time QPCR instru-
ment was as follows: denaturation (95°C for 10 min) and 40 cycles of
denaturation (95°C for 30 s), annealing (58 to 60°C for 60 s), and exten-
sion (72°C for 30 s). Each reaction was run in duplicate or triplicate plus a
control without reverse transcriptase and a control without template.

The results were analyzed using Mx3000P system software. The
relative expression ratio (R) in each sample was calculated by a
mathematical model based on the amplification efficiency (46):
R = Eé&;gcomml_samp 1e)/ACP (control =sample) A 1) amplification efficiency
(E) 0f 100% corresponds to a doubling of the PCR product per cycle. E
is calculated from the slope of a standard curve based on a 10-fold
titration of each primer used (E = 10~ '*°P¢), Thus, Ejarget COTTE-
sponds to the target gene primers and E, ¢ ence t0 the housekeeping
gene primer (GAPDH or PBDG). In this paper, WT brains infected i.c.
3 or 7 days earlier with LCMV were used as standard-curve templates.
ACP(control — sample) refers to the difference in threshold cycles
(C;) between day 0 (control) and day 3, 5, or 7 p.i. (sample). Creflects
the number of cycles it takes to reach a point in which the
fluorescent signal is first recorded as statistically significant above
background (46).

Quantitative PCRs for ISGs. To evaluate the expression of ISGs, we
used an RT? profiler PCR array system kit from SABiosciences (Frederick,
MD) dedicated to the analysis of ISGs (PAMM 016). The preparation of
c¢DNA, the running of the assays, and the analysis of the results were all
performed according to the manufacturer’s instructions.

In situ hybridization. Mice were deeply anesthetized with tribromo-
ethanol (Sigma-Aldrich, Denmark) and decapitated. The brains were rap-
idly dissected and frozen on dry ice. Subsequently, the brains were cut into
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TABLE 1 Primers and probes used in the study

Gene Primer or probe Sequence (5'-3")
CXCL10  Forward primer CGA TGA CGG GCC AGT GAG AAT G
Reverse primer  TCA ACA CGT GGG CAG GAT AGG CT
2',5'-OAS Forward primer CTT TGA TGT CCT GGG TCA TGT
Reverse primer CTC CGT GAA GCA GGT AGA G
IRF3 Forward primer TGG GCA GCA CAG CTG ACA TGA
Reverse primer ~ GCC CAT TGC CCA GCC CTT
IRF7 Forward primer GCC TTG GGT TCC TGG ATG TGA
Reverse primer TGG GGC CAT GGG GCT GTA
IEN-a Forward primer TGC AAC CCT CCT AGA CTC ATT CT
Reverse primer  CCA GCA GGG CGT CTT CCT
Probe FAM-CTG CAT CAG ACA GCCTTG CAG
GTC ATT-BHQ-1
IFN-B Forward primer TGA ATG GAA AGA TCA ACC TCA CCT A
Reverse primer CTCTTC TGCATC TTC TCC GTC A
Probe FAM-AGG GCG GAC TTC AAG ATC CCT
ATG GA-BHQ-1
GAPDH  Forward primer CAA TGT GTC CGT CGT GGA
Reverse primer ~ GAT GCC TGC TTC ACC ACC
PBGD Forward primer GTG AGT GTG TTG CAC GAT C
Reverse primer GGG TCA TCT TCT GGA CCA T
Probe HEX-CTC TGC TTC GCT GCA TTG
CTG-BHQ-1

“ BHQ, black hole quencher.

serial 30-pm cryostat sections, mounted on RNase-free Super Frost Plus
glass slides (Hounisen, Denmark), and stored in sealed boxes at —80°C.
The detection of IFN- mRNA was performed in accordance with the
method of Lambertsen et al. (31) using a mixture of two alkaline phos-
phatase (AP)-labeled DNA probes (5'-GTTGATGGAGAGGGCTGTGG
TGGAGAAG-3' and 5'-ATTCACTACCAGTCCCAGAGTCCGCCTC-
3") (4 pmol/ml; designed by use of Oligo-design software version 6.0 and
fabricated by DNA Technology A/S [Aarhus, Denmark]) that were com-
plementary to bases 62 to 89 and 638 to 655, respectively, of murine IFN-3
mRNA (NM 010510). The hybridization signal, consisting of a purple
reaction product, was developed for 72 h. The specificity of the hybridiza-
tion was documented by showing that (i) hybridization with individual
probes yielded a signal fainter than but otherwise similar to hybridization
with the probe mixture, (ii) 100-fold excess of unlabeled probes was able
to outperform the AP-labeled probes, (iii) the hybridization signal was
abolished in RNase A (Pharmacia Biotech)-digested sections, and (iv)
incubation in hybridization buffer without probe yielded no signal. The
overall suitability of the tissue for hybridization was ensured by hybrid-
ization for GAPDH mRNA (31).

Combined in situ hybridization and immunohistochemistry. After
development of the i situ hybridization signal using a standard procedure
(35), the sections were rinsed in Tris-buffered saline (TBS) buffer con-
taining 1% Triton and then incubated with monoclonal Alexa 488-con-
jugated mouse anti-glial fibrillary acidic protein (GFAP) IgG1 (5 pg/ml;
A21294; Invitrogen, Denmark), Alexa 488-conjugated mouse IgGl iso-
type control (5 pug/ml; MG120; Caltag Laboratories), monoclonal rat anti-
CD3 (2.5 pg/ml; MCA500A488; Serotec, Germany) plus Alexa 594-con-
jugated donkey-anti-rat IgG (10 pg/ml; A21209; Invitrogen), or rat IgG2a
isotype control (2.5 pg/ml; 26D11204; Nordic BioSite ApS, Denmark)
plus Alexa 594-conjugated donkey-anti-rat IgG (10 pg/ml) diluted in TBS
buffer plus 10% bovine serum. After a final rinse in TBS, sections were
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counterstained with DAPI (4',6-diamidino-2-phenylindole) nuclear
staining. Bright-field pictures of the in situ hybridization signal were in-
verted before the green channel or red channel was selected and merged
with the channels showing the fluorescence signals by using Photoshop
software (Adobe Photoshop CS4 Extended, version 11.0.2; Adobe Sys-
tems Inc.).

Statistical analysis. Quantitative results were compared using the
Mann-Whitney U test. A P value of <0.05 was considered evidence of
statistical significance.

RESULTS

Therole of IRFs in regulating the early type I IFN response in the
LCMV-infected CNS. The IRFs, and in particular IRF3 and IRF?7,
are generally assumed to play a key role in activating the type I IFN
transcriptional response to viral infection (19). To investigate the
role of IRFs in regulating the early LCMV-induced type I IFN
response, we infected IRF1 /7, IRF3~/~, IRF7 /7, IRF9 ', and
WT mice with LCMYV i.c., and 3 days later, we measured the level
of mRNAs for 2,5-OAS and CXCL10 in the CNS. The expression
levels of these two ISGs were used as surrogate markers for the
induction of type I IFN, because we had previously observed that
the level of expression of type I IFNs in the LCMV-infected CNS
borders on the level of detection (8); this approach is validated by
our observation that there is no virus-induced increase in the ex-
pression of either of these genes in LCMV-infected IFNAR ™/~
mice (8).

As can be seen in Fig. 1, lack of IRF1, which has recently been
found to play a crucial role in regulating RNA virus-induced, IPS-
dependent signaling from peroxisomes (13), did not impact the
expression of either CXCL10 or 2,5-OAS in the LCMV-infected
CNS. In contrast, absence of either IRF3 or IRF7 slightly reduced
the LCMV-induced increase in expression of CXCL10 and 2,5-
OAS (Fig. 1). However, in both cases, the reductions were small
(~2- to 3-fold) and not statistically significant in every exper-
iment. Interestingly, deficiency of IRF9 differentially affected
the expression of the tested ISGs. Thus, while the expression of
mRNA for 2,5-OAS was markedly reduced in these mice com-
pared to that in matched WT mice, CXCL10 was similarly ex-
pressed in the LCMV-infected CNS whether or not IRF9 was
present (Fig. 1).

AsIRF3 or IRF7 normally plays the major role in regulating the
type ITEN response to viral infection, the above-mentioned results
were somewhat surprising. Therefore, to examine whether these
factors showed reciprocal redundancy, we next investigated the
expression of CXCL10 and 2,5-OAS in IRF3/7 '~ mice. Unlike
the situation in singly deficient mice, the expression of both genes
was consistently found to be reduced (by about a factor of 10) in
doubly deficient mice (Fig. 2), indicating that IRF3 and IRF7 acted
in concert in regard to the early activation of the type I IFN re-
sponse.

Finally, since IkB kinase € (IKKe), together with TANK-bind-
ing kinase 1 (TBK1), targets serine residues that are important for
full transcriptional activation of IRF3 and -7 in most cell types
(16), we examined whether the expression of 2,5-OAS and
CXCL10 was reduced in mice lacking IKKe. However, similar lev-
els of expression of both ISGs were found in the infected mice
irrespective of their genotype (see Fig. S1 in the supplemental
material), indicating that IKKe is not essential to the activation of
IRF3 and/or -7 in the LCMV-infected CNS. This is in accordance
with the findings of McWhirter et al. and Panne et al., whose in
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FIG 1 Roles of IRF1, IRF3, IRF7, and IRF9 in regulating the early expression of CXCL10 and 2,5-OAS. Using Q-PCR, the levels of mRNA for CXCL10 and
2,5-OAS were determined in the CNS of IRF1 '~ (IRF1), IRF3~/~ (IRF3),IRF7 '~ (IRF7),IRF9 /" (IRF9),and WT mice infected i.c. with LCMV 3 days earlier.
The mRNA levels in the brains of sham-inoculated WT mice were used as set points (R = 1). The points represent individual mice, and group averages are
indicated by horizontal lines. The asterisks indicate statistically significant differences between knockout and WT mice.

vitro studies have shown that TBK1 alone may suffice for phos-
phorylation of IRF3 in vitro (36, 43).

Failure to demonstrate a major role of IRF7 in regulating the
early type I IFN response in the CNS. The above-mentioned re-
sults could indicate that activation of either IRF3 or IRF7 individ-
ually would suffice for the induction of a nearly complete type I
IEN response in the LCMV-infected CNS. In contrast, IRF7 is
believed to represent the master regulator of the type I IFN tran-
scriptional response in mice undergoing systemic viral infection
(20, 32). In order to ascertain that the observed tissue-related dif-
ference in the regulation of the type I IFN response is real, the
following experiments were conducted.

First, we analyzed whether absence of IRF7 might impact the
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FIG 2 Absence of both transcription factors IRF3 and IRF7 markedly reduces
the expression of CXCL10 and 2,5-OAS in the LCMV-infected CNS. Using
Q-PCR, the levels of mRNA for CXCL10 were determined in the CNS of
IRF3/IRF7 '~ (IRF3/7) and WT mice infected i.c. with LCMV 3 days earlier.
The mRNA level in the brain of a sham-inoculated mouse was used as a set
point (R = 1). The points represent individual mice, and group averages are
indicated by horizontal lines. The asterisks indicate statistically significant dif-
ferences between knockout and WT mice.
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kinetics of ISG activation; could it be that analysis on day 3 was
simply too late to detect an important early role of IRF7 in the
initiation of the type I IFN response in the CNS? To investigate this
point, WT and IRF7 '~ mice were infected i.c. with LCMV, and 1
and 2 days after infection, their brains were processed for evalua-
tion of ISG activation. As can be seen in Fig. 3, we observed low-
grade upregulation of 2,5-OAS in WT mice already on day 1 after
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FIG 3 Absence of IRF7 does not impact the kinetics of the early type I IFN-
dependent response. Using Q-PCR, the levels of mRNA for CXCL10 and 2,5-
OAS were determined in the CNS of IRE7 /™ (IRF7) and WT mice infected i.c.
with LCMV 1 and 2 days earlier. The mRNA levels in the brains of matched
sham-inoculated WT mice were used as set points (R = 1). The points repre-
sent individual mice, and group averages are indicated by horizontal lines.
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infection, whereas it was not evident in IRF7 /™ mice. At 2 days
after infection, the pattern observed resembled that previously
found on day 3 after infection (Fig. 1), i.e., substantial upregula-
tion of 2,5-OAS was evident in both groups of mice; however, as
previously noted, the induced response was slightly reduced (2- to
3-fold) in IRF7 /" mice compared to matched WT mice. Regard-
ing CXCL10, no virus-induced increase in gene expression was
detected in either group of mice on day 1 after infection, and on
day 2 after infection, as on day 3, similar levels of expression were
observed regardless of the host genotype. Taken together, these
results strongly suggested that absence of IRF7, if anything, only
slightly delayed the induction of the type I IEN response to LCMV
in the CNS.

Nevertheless, as this conclusion hinges on the analysis of only
two ISGs, and potentially, different ISGs might be differentially
affected by absence of IRF7, we proceeded by analyzing the expres-
sion of a wider range of ISGs in the CNS of LCMV-infected
IRF7 '~ mice, comparing expression levels to those in similarly
infected WT mice. As can be seen in Fig. 4, nearly all of the ISGs
upregulated in the CNS of LCMV-infected WT mice were also
upregulated in the CNS of IRF7 ™'~ mice (29 versus 25). More-
over, a direct comparison of expression levels in infected WT and
IRF7 '~ mice revealed very few genes not expressed to about the
same level in both mouse strains (Fig. 4, bottom; for the complete
data set, see Table S1 in the supplemental material). Conse-
quently, in view of the range of ISGs tested in the latter experimen-
tal setup, we find it reasonable to conclude that there is no man-
datory requirement for IRF7 in the transcriptional regulation of
the early type I IFN response in the LCMV-infected CNS.

Differential role of IRF7 in regulating the early type I IFN
response in the periphery versus the CNS. The above-mentioned
findings clearly do not conform to recent observations pointing to
an absolutely pivotal role of the IRF7 signaling pathway regarding
the type I IFN response in the blood of mice systemically infected
with LCMV (32). This could indicate that signaling pathways dif-
ferent from those relevant in the periphery were involved in trans-
mitting the sensing of LCMV in the CNS. To study this possibility,
we harvested the sera together with the spleens and brains of
IRF7 '~ and WT mice infected i.c. 3 days earlier. Since about 90%
of the virus inoculum given i.c. ends up in the circulation (37),
i.c.-infected mice are also subject to a systemic infection, and we
could therefore directly compare the roles of IRF7 in regulating
the type I IFN response in the periphery versus the CNS of the
same animals.

Confirming published data (32), no IFN-a was detectable in
the sera of IRF7 /™ mice (by use of enzyme-linked immunosor-
bent assay [ELISA]), while this type of IFN could readily be dem-
onstrated in the sera of 4/4 infected WT mice (Fig. 5A). Consistent
with this result, we found a reduction in the level of expression of
mRNA for type I IFNSs, in particular IFN-q, in the spleens of in-
fected IRF7 /™ mice compared to WT mice. In contrast, low but
seemingly identical expression levels of mRNA for IFN-3 were
detected in the CNS of IRF7/~ and WT mice (no IFN-« expres-
sion could be detected with certainty in the CNS) (Fig. 5B and C).

Role of IFN-f in regulating the early type I IFN response in
the LCMV-infected CNS. The above-mentioned results strongly
indicate that different signaling pathways are involved in the sens-
ing of LCMV in the periphery versus the CNS. This could be
explained if different cell types contributed to the sensing of the
infection in different organ sites, leading to the production of
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FIG 4 Expression of IFN-regulated genes in the LCMV-infected CNS is
independent of IRF7. mRNA was extracted from the CNS of IRF7 '~
(IRF7) and WT mice injected with LCMV 3 days earlier; the brains from
WT mice injected with PBS served as a reference. The expression of 86
classical IFN-stimulated genes was analyzed by Q-PCR. The results repre-
sent averages of 2 or 3 mice per group. (Top) Gene expression in infected
versus sham-inoculated WT mice. (Middle) Gene expression in infected
IRF7 /" mice compared to sham-inoculated WT mice. (Bottom) Gene
expression in infected IRF7 /™ mice compared to infected WT mice. The
lines represent equal expression and 2-fold up- or downregulation.
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different types of type I IFN. Since robust production of IFN-a
tends to rely heavily on IRF7 (20, 32), a predominant production
of IEN-B by various resident cells of the CNS might explain the
observed difference regarding the importance of IRF7 in the CNS
versus the periphery, where pDCs and other hematopoietic cells
appear to play a dominant role (25, 32).

To evaluate the participation of IFN-f in the early type I IFN
response in the CNS of LCMV-infected mice, we compared IFN-
B/ mice to IFNAR ™'~ and WT mice with regard to the expres-
sion of CXCL10 and 2,5-OAS in the CNS on day 3 after LCMV
infection (Fig. 6). While the expression of both CXCL10 and 2,5-
OAS was found to be lower in IFN-B~/~ mice than in WT mice,
the reduction did not recapitulate that observed in IFNAR '~
mice, indicating that type I IFNs, in addition to IFN-@, contribute
significantly to the early IFN response in the LCMV-infected CNS.

Topological and cellularlocalization of type ITFN expression
in the LCMV-infected CNS. Having established a central role for
local type ITFN production in the activation of the innate response
to LCMV infection of the CNS, it was of interest to determine
which cell types were involved in synthesizing type I IFN. Since
IFN-B appears to be more strongly expressed in the LCMV-in-
fected CNS than other type I IFNs (8), we decided to focus on
expression of this cytokine. First, we performed in situ hybridiza-
tion on brain sections to study the topology of IFN-@ expression
as a function of time after virus inoculation. Overall, IFN-
mRNA was detected in cells scattered in the meningeal mem-
brane, around the injection site and in the ependymal cells lining
the lateral ventricles on day 3 (Fig. 7A, C, and E) and to an even
greater degree on day 7 (Fig. 7B, D, and F) after virus inoculation.
In general, the level of IFN-B mRNA expression was low, but it
was clearly increased compared to the level of IFN-B mRNA in-
duced by PBS injection (data not shown). Importantly, the con-
trols were all devoid of signal confirming the specificity of the in
situ hybridization reaction. Furthermore, GAPDH mRNA was ex-
pressed at normal high levels (data not shown), documenting the
appropriate quality of the tissue for use with in sifu hybridization.

Next, despite the low level of single-cell expression, we at-
tempted to determine which cell types expressed IFN-f3
mRNA. Combined in situ hybridization for IFN- mRNA and
immunostaining for GFAP protein on brain tissue from mice
infected i.c. 7 days earlier suggested that the IFN-8 mRNA was
expressed by GFAP™ cells, which could be either ependymal
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cells or astrocytes, since both cell types were visualized by the
GFAP staining, as well as GFAP ™ cells (Fig. 7G). In line with the
latter observation, combined in situ hybridization for IFN-
mRNA and immunostaining for CD3 protein revealed that
IFN-B mRNA was also expressed by CD3™ cells in the brains of
mice infected i.c. 7 days earlier (Fig. 7H).
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FIG 6 Robust early CXCL10 and 2,5-OAS expression requires both IFN-a
and -B. Using Q-PCR, the levels of mRNA for CXCL10 and 2,5-OAS were
determined in the CNS of IFN-B~/~ (IFNb), IENAR ™/~ (IFNaR), and WT
mice infected i.c. with LCMV 3 days earlier. The mRNA level in the brain of a
sham-inoculated mouse was used as a set point (R = 1). The points represent
individual mice, and group averages are indicated by horizontal lines. The
asterisks indicate statistically significant differences between knockout and
WT mice.
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FIG 7 In situ hybridization for IFN-B mRNA in LCMV-injected CNS of
C57BL/6 mice. (A to F) LCMV-induced expression of IFN-f (IFNb) mRNA in
meningeal membrane cells (A and B), in parenchymal cells close to the injec-
tion site (Cand D), and in ependymal cells (E and F) at day 3 (A, C,and E) and
at day 7 (B, D, and F) after i.c. infection with LCMV. (G and H) Combined in
situ hybridization and immunohistochemistry for IFN-B mRNA and GFAP
(G) or CD3 (H) showing IFN- expression in both GFAP™ (G, arrow) and
GFAP™ (G, arrowheads) cells, as well as in CD3™ cells (H, arrows) infiltrating
the brain parenchyma adjacent to the lateral ventricle 7 days after i.c. LCMV
infection. CPu, caudoputamen; Ctx, cerebral cortex; E, ependymal cell layer;
LSV, lateral septal nucleus, ventral part; LV, lateral ventricle; MM, meningeal
membrane. Scale bars, 20 pm.

DISCUSSION

Early protection of the host against viral infection relies on early
detection of incoming virus followed by swift and efficient activa-
tion of the innate immune system. It has long been known that the
type I IFN response represents one of the earliest responses to viral
invasion and that type I IFNs may act through direct inhibition of
viral replication in exposed cells, as well as through the induction
of inflammation and recruitment of antiviral effector cells (55).
Opverall, this makes type I IFNs key mediators in the early antiviral
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host response. In regard to LCMV infection of the CNS, we have
previously found that this infection causes an early increase in the
expression of 2,5-OAS and CXCL10. Moreover, using IFNAR ™/~
mice, we showed that this upregulation is dependent on type I
IFNs. However, as we could not with certainty detect type I IFN
mRNA in the CNS during the early phase of infection, the possi-
bility that the local effects primarily reflected the penetration of
systemically produced type I IFNs from the circulation could not
be formally excluded.

In this study, we uncovered a marked difference in the way in
which the detection of the same virus is transmitted in the CNS
compared to the periphery. Thus, while absence of IRF7 very sub-
stantially reduces the systemic type I IFN response to LCMV and
markedly affects the course of the visceral infection (32), little or
no reduction was observed in the LCMV-infected CNS. From this
observation, it may immediately be concluded that the response
measured in the CNS predominantly, if not exclusively, reflects
the local production of type I IFNs and not a passage of these
cytokines across the blood-brain barrier. Regarding the difference
in the functional importance of IRF7, this is likely to reflect the fact
that different cell types are involved as the primary producers of
type I IFN in the two situations. Thus, no cells with high consti-
tutive expression of IRF7 can be demonstrated in the CNS (12). In
contrast, previously published data suggest that there is a relatively
high constitutive expression of IRF3 by certain resident cells of the
CNS (42), and this may explain why the otherwise canonical up-
regulation of IRF7 is not essential in this organ unless IRF3 is also
lacking. In the periphery, on the other hand, pDCs and other
hematopoietic cells constitutively expressing IRF7 are prominent
and play a pivotal role in producing type I IFNs, particularly
IFN-q, as a first line of antiviral defense (25, 32). The nearly nor-
mal type I IFN response in the CNS of IRF7 /™ mice therefore
suggests that inside the CNS, non-pDCs would dominate as pro-
ducers of type I IFNs. Consistent with this hypothesis, we found
that most cells taking part in the early type I IFN response in the
LCMV-infected CNS are the parenchymal CNS cells next to the
injection site and the cells forming the meningeal and ependymal
linings; this is not surprising and is in full agreement with the
distribution of virus-infected cells at this time (11, 17). The type I
IFN response increases over time (8, 50), and with time, GFAP™
astrocytes and recruited CD3 " cells were also found to produce
type I IFN, which is in agreement with previous findings showing
that astrocytes (44) and murine T cells (29) are able to produce
IEN-B. Other IFN-B-producing cell candidates are neurons (12)
and macrophages (33, 57). At this later time point, we also ob-
served a few very intensely stained cells, which could be pDCs
recruited to the site of infection as a result of ongoing inflamma-
tion.

Because IRF7 is required for robust production of IFN-a in the
periphery (20, 32, 52), the finding that deficiency of this transcrip-
tion factor only marginally impacted the type I IFN-related re-
sponse in the CNS led us to suspect that IFN-3 would dominate as
the functionally most important type I IFN produced inside the
LCMV-infected CNS. As mentioned above, directly measuring
type I IFNs in the LCMV-infected CNS is very difficult, but a
comparison of the levels of expression of CXCL10 and 2,5-OAS in
mice lacking only IFN-f3 to those in mice lacking all type I IFN
signaling (due to lack of IFNAR) revealed that IFN-[3 could not be
the only type I IFN to be produced in the LCMV-infected CNS,
nor does it appear to be essential for virus-induced upregulation
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of other type I IFNs in the organ. The reason for this negative
result may lie in the fact that IFN-a4 can also be produced in the
absence of IRF7 (34) and that this type I IFN may suffice for
triggering of a nearly normal early response in the CNS.

Finally, we found that while the expression of 2,5-OAS was
markedly reduced in IRF9™/~ mice, IRF9 was redundant with
regard to LCMV-induced upregulation of CXCLI10 in the CNS.
This finding points to a dichotomy in the regulation of ISGs in the
LCMV-infected CNS. Thus, while the expression of 2,5-OAS
seems to be regulated by the canonical IFN-activated transcription
factor ISGF3, composed of STATI, STAT2, and IRF9, alternative
ISRE-binding factors may suffice for type I IFN-dependent up-
regulation of CXCL10. The latter interpretation is supported by
preliminary data indicating that CXCL10 upregulation also oc-
curs in the absence of STAT1 (J. E. Christensen and J. P. Thomsen,
unpublished results). We do not know the reasons for this differ-
ential regulation of ISGs in the LCMV-infected CNS, but it is
possible that different cell types with different requirements re-
garding IFNAR signaling may dominate in expression of different
ISGs in the CNS.

In summary, our studies revealed that the signaling pathways
involved in translating the sensing of a viral infection into an early
type I IFN-associated response may be differentially wired in the
CNS than in the periphery, probably as a reflection of organ-
related differences in the cell types that dominate early aspects of
this process. These results improve our understanding regarding
the immune privilege of the CNS and underscore the cell-type-
related complexity of IFN induction. Hopefully, greater insight
into the transcriptional regulation of the earliest inflammatory
response to a viral invasion may eventually further the develop-
ment of novel strategies for prevention of an overzealous host
response in the early phase of a viral infection, such as the “cyto-
kine storm” associated with highly pathogenic influenza virus in-
fection (4, 5, 58).
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