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ABSTRACT

Gammaherpesviruses are ubiquitous pathogens that establish a lifelong infection and are associated with cancer. In spite of the
high seroprevalence of infection, the risk factors that predispose the host toward gammaherpesvirus-induced malignancies are
still poorly understood. Interferon (IFN) regulatory factor 1 (IRF-1) is a tumor suppressor that is also involved in the regulation
of innate and adaptive immune responses. On the basis of its biology, IRF-1 represents a plausible host factor to attenuate gam-
maherpesvirus infection and tumorigenesis. In this study, we show that IRF-1 restricts gammaherpesvirus replication in pri-
mary macrophages, a physiologically relevant immune cell type. In spite of the known role of IRF-1 in stimulating type I IFN
expression, induction of a global type I IFN response was similar in IRF-1-deficient and -proficient macrophages during gamma-
herpesvirus infection. However, IRF-1 was required for optimal expression of cholesterol-25-hydroxylase, a host enzyme that
restricted gammaherpesvirus replication in primary macrophages and contributed to the antiviral effects of IRF-1. In summary,
the current study provides an insight into the mechanism by which IRF-1 attenuates gammaherpesvirus replication in primary
immune cells, a mechanism that is likely to contribute to the antiviral effects of IRF-1 in other virus systems.

IMPORTANCE

Interferon regulatory factor 1 (IRF-1) is a transcription factor that regulates innate and adaptive immune responses and func-
tions as a tumor suppressor. IRF-1 restricts the replication of diverse viruses; however, the mechanisms responsible for the anti-
viral effects of IRF-1 are still poorly understood. Gammaherpesviruses are ubiquitous pathogens that are associated with the
induction of several malignancies. Here we show that IRF-1 expression attenuates gammaherpesvirus replication in primary
macrophages, in part by increasing expression of cholesterol-25-hydroxylase (CH25H). CH25H and its product, 25-hydroxycho-
lesterol, restrict replication of diverse virus families. Thus, our findings offer an insight into the mechanism by which IRF-1 at-
tenuates the replication of gammaherpesviruses, a mechanism that is likely to be applicable to other virus systems.

Gammaherpesviruses are ubiquitous pathogens that establish a
lifelong infection and are associated with cancer. Specifically,

two known human gammaherpesviruses, Epstein-Barr virus (EBV)
and Kaposi’s sarcoma-associated herpesvirus (KSHV), are associated
with lymphoproliferative diseases, including those in immunocom-
promised patients (1). Given the high prevalence of EBV and KSHV
infections, it is important to identify host factors that control gam-
maherpesvirus infection and pathogenesis, a quest that is hindered by
the exquisite species specificity of human gammaherpesviruses. Mu-
rine gammaherpesvirus 68 (MHV68) is genetically and biologically
related to the human gammaherpesviruses and offers an experimen-
tal system that overcomes the challenges associated with studies of
EBV and KSHV infection (2, 3).

Interferon (IFN) regulatory factor 1 (IRF-1) is the founding
member of a family of transcription factors that orchestrate type I
IFN expression following virus infection (4–6). IRF-1 restricts
replication of flavi-, toga-, and retroviruses (7–9); however, the
mechanism by which IRF-1 controls viral replication is poorly
understood. Furthermore, IRF-1 is capable of inducing antiviral
genes independently of type I IFN (10), suggesting that some of
the IRF-1 antiviral functions may be IFN independent. In addition
to its role in the innate immune response, IRF-1 suppresses cellu-
lar transformation in vitro and in vivo (11, 12). Specifically, IRF-1
is required for apoptosis and cell cycle arrest of irradiated T cells
(11, 13). Not surprisingly, IRF-1 expression is decreased in a vari-
ety of human cancers (14–16).

The antiviral and tumor suppressor roles of IRF-1 pose it as a
likely regulator of gammaherpesvirus infection and pathogenesis.
Importantly, little is known about the regulation of gammaher-
pesvirus infection by IRF-1. KSHV encodes a multifunctional vi-
ral IRF-1 protein which shares limited homology with the DNA
binding domain of cellular IRF-1 and inhibits expression of IRF-
1-driven genes in a reporter-based system (17). However, it is not
clear whether IRF-1 regulates KSHV replication or latency. In
contrast, EBV usurps IRF-1 to facilitate viral gene transcription in
latently infected cell lines (18, 19); it is not known if EBV inhibits
IRF-1-driven induction of antiviral genes or its tumor-suppres-
sive functions. MHV68 replication is increased in IRF-1-deficient
myeloid dendritic cells in vitro and during acute infection of IRF-
1-deficient mice (20). Importantly, the mechanism by which
IRF-1 suppresses viral replication is unknown.

Here we show that IRF-1 attenuates MHV68 replication in
primary bone marrow-derived macrophages, an immune cell type
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that is biologically relevant for MHV68 replication and latency
(21, 22). The extent of type I IFN signaling was similar in IRF-1-
deficient and wild-type (wt) MHV68-infected macrophages; fur-
ther, genetic evidence suggested that IRF-1 functions downstream
of type I IFN expression to restrict MHV68 replication in primary
macrophages. Importantly, IRF-1 was required for optimal induc-
tion of cholesterol-25-hydroxylase (CH25H), a host enzyme that
attenuated MHV68 replication. Because 25-hydroxycholesterol
(25HC), a product of CH25H activity, is associated with broad
antiviral effects (23, 24), the results of our study provide an im-
portant insight into the mechanism of IRF-1-dependent antiviral
functions.

MATERIALS AND METHODS
Animals and primary cell cultures. C57BL/6J (BL6), IRF-1�/� (25), and
CH25H�/� (26) mice were obtained from The Jackson Laboratory (Bar
Harbor, ME). IFNAR1�/� mice (27) were obtained from Mitchell Gray-
son. IRF-1�/� and IFNAR1�/� mice were crossed to generate an IRF-
1�/� IFNAR1�/� (double-knockout [DKO]) mouse strain. Mice were
bred and housed in a specific-pathogen-free barrier facility in accordance
with institutional and federal guidelines. All experimental manipulations
of mice were approved by the Institutional Animal Care and Use Com-
mittee of the Medical College of Wisconsin. Bone marrow was harvested
from mice between 3 and 10 weeks of age. Primary bone marrow-derived
macrophages were generated as previously described (21).

Viral DNA quantitation. Infected cells were washed with phosphate-
buffered saline (PBS) and lysed in a buffer containing 10 mM Tris-HCl, 1
mM EDTA, 8% SDS, and 20 �g/ml of proteinase K (Sigma-Aldrich, St.
Louis, MO). Following overnight protein digestion at 56°C, DNA was
extracted with phenol-chloroform and precipitated using standard so-
dium acetate-ethanol treatment. The DNA pellet was resuspended in wa-
ter, viral DNA was measured by real-time PCR using core gene 50 pro-
moter primers, and the viral DNA level was normalized to the
corresponding GAPDH (glyceraldehyde-3-phosphate dehydrogenase)
level as previously described (28).

mRNA measurement. Total RNA was harvested from cells, DNase
treated, and reverse transcribed as previously described (29). cDNA was
assessed in triplicate, along with corresponding negative reverse tran-
scription (RT) reactions, by real-time PCR using an iCycler (Bio-Rad,
Hercules, CA) (29, 30). The relative abundance of each cDNA was nor-
malized to the corresponding GAPDH levels using the �CT threshold
cycle (CT) method. Primers for the MHV68 DNA synthesis genes, IRF-1,
universal alpha IFN (IFN-�), IFN-�, GAPDH (29, 31, 32), and CH25H
(26) were described previously. The primers used to measure the levels of
mRNA for MHV68-targeting antiviral genes are listed in Table 1.

Western analysis. Cell lysates were collected and analyzed as previ-
ously described (29, 30). The antibodies used were anti-�-actin (1:20,000;
Novus Biological, Littleton, CO), anti-total Stat1 (1:3,000; Santa Cruz
Biotechnology, Santa Cruz, CA), anti-IRF-1 (1:1,000; Cell Signaling Tech-
nology, Danvers, MA), anti-ssDBP (1:1,000 [30]), anti-ISG15 (1:4,000; a
gift of Debbie Lenschow), and a secondary goat antimouse or antirabbit

horseradish peroxidase-conjugated secondary antibody (1:25,000; Jack-
son ImmunoResearch, West Grove, PA).

Interferon treatment. Macrophages were treated with recombinant
mouse IFN-� (BioLegend, San Diego, CA) or IFN-� (R&D Systems, Min-
neapolis, MN) diluted in tissue culture medium. Cells were treated with
10 U/ml for 3 h prior to lysis.

Viral stock preparation and infections. N36S virus mutant (21, 33)
and wt MHV68 stocks were prepared and titers were determined on NIH
3T12 cells as previously described (28). Bone marrow-derived macro-
phages were infected with MHV68 for 1 h at 37°C in 5% CO2 to allow
adsorption and washed twice with PBS prior to medium replenishment.

Interferon bioassay. Conditioned medium (CM) was collected from
bone marrow-derived macrophages which were mock infected or infected
with MHV68. The amount of antiviral activity in CM was determined as
previously described using an encephalomyocarditis virus (EMCV) bio-
assay (32). Briefly, monolayers of L929 cells were overlaid with UV-irra-
diated CM or diluted IFN-� standards and incubated overnight at 37°C in
5% CO2. Subsequently, monolayers were infected with EMCV (B strain)
at a multiplicity of infection (MOI) of 5 PFU/cell, and cell survival was
determined after an additional 24 h.

Measurement of 25-hydroxycholesterol. Bone marrow macrophages
derived from BL6, IRF-1�/�, and CH25H�/� mice were mock infected or
infected with wt MV68 at an MOI of 10 PFU/cell for 24 h. Conditioned
medium was removed, and the cells were washed twice with cold PBS and
subsequently scraped into fresh PBS. Cells were treated with 0.01%
butyrated hydroxytoluene (BHT; Fisher Science Education, Nazareth,
PA) to prevent auto-oxidation, after which 60 ng of 24(R/S)-hydroxycho-
lesterol-d7 (24-RS-HC; Avanti Polar Lipids Inc., Alabaster AB), 3 �g 5-�-
cholestane (Sigma-Aldrich, St. Louis, MO), and 10 M NaOH were added.
Oxygen was decreased by blowing 100% nitrogen onto the samples, after
which the samples were placed in a shaking water bath at 60°C for 2 h.
Sterols and oxysterols were sequentially extracted 3 times with hexanes
and concentrated under 100% nitrogen. Samples were redissolved in
100% ethanol and adjusted to 70% ethanol, after which the oxysterols
were separated from cholesterol using a certified Sep-Pak C18 cartridge
(Waters, Milford, MA). Sterols and cholesterol were eluted using 70% and
100% ethanol, respectively. Eluates were concentrated under 100% nitro-
gen, derivatized using a 99:1 solution of N,O-bis(trimethylsilyl) trifluoro-
acetamide (BSTFA/TMCS) and trimethylchlorosilane (TMCS), and dried
under 100% nitrogen. Samples were resuspended in ethyl acetate
and analyzed using gas chromatography-mass spectroscopy (GC-MS;
Thermo Finnigan DSQ; Thermo Fisher Scientific, Madison, WI) using the
conditions described previously (34). 25HC had an m/z of 131.0 with a
retention time of 6.26 min, and 24-RS-HC had an m/z of 413.0 and a
retention time of 17.80 min; these values were comparable to those re-
ported previously (35).

Treatment of infected macrophages with 25-hydroxycholesterol.
Macrophages derived from BL6, IRF-1�/�, and CH25H�/� mice were
infected with wt MHV68 at an MOI of 0.1 PFU/cell. After 30 min of
adsorption, the inoculum was removed and the cells were washed three
times with PBS and incubated in medium containing either 2 �M
25-hydroxycholestrol, 7-ketone (Steraloids, Inc., Newport, RI), or

TABLE 1 RT-PCR primer sequences for MHV68-targeted genes

Primer

Sequence

Forward Reverse

MNDA GGAGTGGACAATGGCACAACATCA TGACGAAACTGTGGTCTCCACACA
MITD1 AGTAGTGGCCTGGAAGAAATAAA GTGGGATGCAGAAGGAAGAA
Mx2 AGCAGAGTGACACAAGCGAGAAGA AGCCCTTCTGTCCCTGAATCACAA
IFIH CGATCCGAATGATTGATGCA AGTTGGTCATTGCAACTGCT
ADAR1 GTGCAAAGCCCTGCATAGA AGGAGGCAGTAGCCATTAGA
SPRY2 GCACTGTTCGTAGAGGGTTAG TAGGAGTGTTGGCTGCTTTAG

Mboko et al.

6994 jvi.asm.org Journal of Virology

http://jvi.asm.org


0.5% ethanol (carrier) throughout the infection. Medium and cells
were collected at the time points indicated below to determine the total
virus yield.

Statistical analysis. Student’s t test or the Mann-Whitney test (Graph-
Pad Prism, La Jolla, CA) was used to measure statistical significance, and
the � value was 0.05.

RESULTS
IRF-1 reduces MHV68 replication in primary macrophages. The
broad antiviral activities of IRF-1 attenuate the replication of sev-
eral viruses, including hepatitis C virus, West Nile virus (WNV),
and EMCV (6, 7, 36). Further, overexpression of IRF-1 in trans-
formed neuronal human cells (the 293T cell line [37]) reduces
subsequent infection and replication of MHV68 (38). Impor-
tantly, the mechanism by which IRF-1 restricts viral replication
remains poorly understood. To determine the extent to which
IRF-1 regulates MHV68 replication in primary murine macro-
phages, a physiologically relevant cell type that supports MHV68
replication and latency (21, 22), the virus yield in bone marrow-
derived macrophages generated from BL6 and IRF-1�/� mice was
measured. In the absence of IRF-1 expression, MHV68 replication
was increased 5- to 10-fold at all time points examined under

conditions of both high (Fig. 1A) and low (Fig. 1B) MOIs. Thus,
IRF-1 restricted MHV68 replication in primary macrophages.

MHV68 infection induces IRF-1 expression in a type I IFN-
dependent but viral DNA damage response-independent man-
ner. IRF-1 is a short-lived transcription factor that is constitu-
tively expressed at low levels in a variety of tissues, including
spleen (39). Importantly, transcription of IRF-1 is significantly
increased by type I and type II IFNs (38) and in the context of RNA
virus infections (9, 40). Additionally, induction of the DNA dam-
age response increases both transcription and the protein stability
of IRF-1 in an ATM-dependent manner (41). Because MHV68
infection of primary macrophages induces both type I IFN and a
DNA damage response (21, 32), we aimed to define the relative
contribution of these two host signaling pathways to the expres-
sion of IRF-1 in MHV68-infected macrophages.

MHV68 infection increased IRF-1 transcription, with peak lev-
els of IRF-1 mRNA being observed at 8 h postinfection and a
subsequent decrease in IRF-1 mRNA levels being observed by 24 h
postinfection (Fig. 1C). Changes in IRF-1 mRNA levels were mir-
rored by the changes in protein levels (Fig. 1D), suggesting that
during MHV68 infection, IRF-1 expression is regulated at the level
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FIG 1 IRF-1 is induced by type I IFN signaling and restricts MHV68 replication in primary macrophages. Bone marrow-derived macrophages from control
(BL6) and IRF-1�/� mice were infected with MHV68 at an MOI of 5 (A) or 0.01 (B) PFU/cell. The total virus yield was determined by plaque assay on NIH 3T12
fibroblasts. (C to E) BL6 or IFNAR1�/� macrophages were mock infected or infected at an MOI of 5 PFU/cell with wt MHV68 or an orf36-null virus mutant
(N36S). (C) The levels of IRF-1 mRNA were measured by quantitative RT-PCR at the indicated times postinfection and normalized to the corresponding
GAPDH mRNA levels. (D, E) Protein levels of IRF-1, ssDBP, and �-actin were measured at the indicated times postinfection. Additional controls for panel E
included uninfected primary macrophages treated with recombinant IFN-� or IFN-�. The mRNA expression data in panel C were pooled from three indepen-
dent experiments, with two replicates within each experiment. Error bars represent SEMs. �, P � 0.05.
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of transcription. Expression of MHV68 protein kinase orf36 is
necessary and sufficient to induce a DNA damage response in
infected macrophages (21). IRF-1 mRNA and protein levels were
not decreased in macrophages infected with the orf36-null
MHV68 mutant N36S (Fig. 1C and D), suggesting that the virus-
induced DNA damage response does not increase IRF-1 expres-
sion. In contrast, expression of type I IFN receptor 1 (IFNAR1)
was required to increase IRF-1 mRNA and protein levels in
MHV68-infected macrophages (Fig. 1E; data not shown). Thus,
MHV68 infection of primary macrophages increased the expres-
sion of IRF-1 in a type I IFN-dependent manner.

IRF-1 restricts MHV68 replication downstream of IE viral
gene expression. Having observed increased MHV68 replication
in IRF-1�/� macrophages (Fig. 1), we sought to determine the
stage of viral replication cycle at which IRF-1 imposes a restric-
tion. Expression of immediate early (IE) genes is one of the earliest
processes that take place following virus entry. MHV68 RTA is an
immediate early viral protein that is essential for gammaherpesvi-
rus lytic replication and reactivation from latency (42–46). Be-
cause peak IRF-1 protein levels were observed at 8 h postinfection
(Fig. 1), coincident with the known timing of RTA expression
(28), we hypothesized that IRF-1 attenuates the expression of im-
mediate early MHV68 genes. Surprisingly, RTA mRNA levels
were indistinguishable in control and IRF-1�/� primary macro-
phages as late as 12 h postinfection (Fig. 2A).

Interestingly, by 24 h postinfection, RTA mRNA levels were
significantly higher in IRF-1�/� macrophages than control mac-
rophages (Fig. 2A). A similar increase in viral gene expression at 24
h but not 12 h postinfection was seen for every MHV68 gene that
encodes critical components of the viral DNA synthesis machin-

ery (orf59, orf56, orf40, orf44, orf9, orf6; Fig. 1E and 2B and C; data
not shown). Consistent with the increased expression of viral
DNA synthesis genes, increased levels of viral DNA were observed
in IRF-1�/� macrophages (Fig. 2D). Thus, IRF-1 attenuated
MHV68 replication downstream of immediate early gene expres-
sion.

Type I IFN signaling is similar in IRF-1-deficient and -profi-
cient MHV68-infected primary macrophages. IRF-1 can induce
expression of IFN-�, a member of an extensive family of cytokines
that engage a unique type I IFN receptor. Receptor engagement
stimulates signaling that culminates in the transcriptional induc-
tion of hundreds of antiviral interferon-stimulated genes (ISGs)
(47). We previously showed that interferon regulatory factor 3
(IRF-3) is required for type I IFN expression in MHV68-infected
primary macrophages (32). However, it was not clear whether
IRF-1 contributed to the induction of a type I IFN response, which
is known to restrict MHV68 replication in vivo and in primary
macrophages in vitro (32, 33, 48). To comprehensively assess the
antiviral activity produced in an IRF-1-dependent manner, con-
trol or IRF-1�/� macrophages were mock treated or infected with
MHV68, and the antiviral activity of the conditioned tissue cul-
ture medium was measured at several times postinfection using an
EMCV bioassay. MHV68 infection of control macrophages re-
sulted in a robust increase in secreted antiviral activity at 8 and 18
h postinfection (Fig. 3A). While IRF-1�/� MHV68-infected mac-
rophages demonstrated a modest decrease in secreted antiviral
activity at 8 h postinfection compared to control infections (Fig.
3A), antiviral activity was similar in MHV68-infected cultures of
both genotypes at 18 h postinfection. Furthermore, IFN-� and
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FIG 2 IRF-1 restricts MHV68 replication downstream of immediate early viral gene expression. Bone marrow-derived macrophages from control (BL6) and
IRF-1�/� mice were infected with MHV68 at an MOI of 5 PFU/cell. (A to C) RNA was isolated at the indicated times postinfection, and the levels of RTA, orf59,
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IFN-� mRNA levels were similar in wt and IRF-1�/� macro-
phages throughout the infection (Fig. 3B and C).

To determine the extent to which IRF-1 regulates global type I
IFN signaling downstream of the type I IFN receptor, expression
of ISG15 and Stat1 was measured in control and IRF-1�/� mac-
rophages following MHV68 infection. The levels of the ISG15 and
Stat1 proteins were similarly increased in macrophages of both
genotypes (Fig. 3D), indicating that signaling downstream of the
type I interferon receptor occurred at similar levels in IRF-1�/�

and wild-type macrophages in response to MHV68 infection.
IRF-1 functions downstream of the type I IFN receptor to

attenuate MHV68 replication. IRF-1 was constitutively ex-

pressed at low levels in naive primary macrophages (Fig. 1D).
Furthermore, IRF-1 can induce antiviral gene expression inde-
pendently of type I IFN (10), suggesting that at least some antiviral
functions of IRF-1 may be IFN independent. To test the extent to
which IFN signaling was required for the ability of IRF-1 to atten-
uate MHV68 replication, the growth of MHV68 was assessed in
macrophages isolated from mice with a single or combined
(DKO) deficiency in IRF-1 and IFNAR1. Replication of MHV68
was increased in IRF-1�/� macrophages and was further potenti-
ated in the absence of the type I IFN receptor (IFNAR1�/�; Fig.
3E). In contrast, the replication of MHV68 was similar in macro-
phages with a single deficiency of IFNAR1 (IFNAR1�/�) and
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combined deficiencies of IRF-1 and IFNAR1 (DKO) (Fig. 3E).
Thus, in the context of primary macrophages, IRF-1 acted down-
stream of the type I IFN receptor to restrict MHV68 replication.

IRF-1 facilitates expression of CH25H in MHV68-infected
primary macrophages. Having determined that IRF-1 acts down-
stream of the type I IFN receptor to attenuate MHV68 replication,
we wanted to test the hypothesis that IRF-1 is required for expres-
sion of genes that interfere with MHV68 replication. A subset of
such genes was recently identified in a screen performed by Liu et
al. (2012), where individual genes induced by type I or type II IFN
were overexpressed in the 293T cell line prior to MHV68 infection
(38); interestingly, IRF-1 was identified as one of the MHV68-
restricting genes in this screen. To determine the extent to which
IRF-1 regulated the transcription of MHV68-restricting genes
identified by Liu et al. (38), expression of these genes was com-
pared in wt and IRF-1�/� MHV68-infected primary macro-
phages. Expression of all examined MHV68-targeting ISGs was
induced at 6 h postinfection (Fig. 4A) and either remained in-
duced or returned to baseline levels by 24 h postinfection (Fig.
4B). Intriguingly, out of seven examined mRNAs, CH25H mRNA
was the only mRNA whose levels were significantly different be-
tween wt and IRF-1�/� macrophages. Specifically, at 6 h postin-
fection, wild-type macrophages displayed an 	230-fold increase
in CH25H relative mRNA levels compared to those in the mock-

infected controls (Fig. 4A). In contrast, only a 12-fold increase in
CH25H mRNA levels was observed in MHV68-infected IRF-1�/�

macrophages compared to the levels in the uninfected cultures
(Fig. 4A). By 24 h postinfection, the relative mRNA levels of
CH25H decreased to levels near or below those at the baseline
(Fig. 4B), consistent with the corresponding decrease in IRF-1
protein and mRNA levels (Fig. 1C and D). Thus, IRF-1 was re-
quired for optimal expression of CH25H in MHV68-infected pri-
mary macrophages.

CH25H is an endoplasmic reticulum-associated enzyme that
converts cholesterol into 25HC. Along with other oxysterols,
25HC is a signaling moiety that regulates several biological path-
ways, including cholesterol synthesis (49), liver X receptor-medi-
ated transcription (50, 51), and B cell migration (52). Signifi-
cantly, two independent groups recently demonstrated that 25HC
has broad antiviral activity, including activity against MHV68 (23,
24). Specifically, 25HC pretreatment restricted MHV68 spread in
primary mouse embryo fibroblasts (23); furthermore, MHV68
gene expression was increased during acute infection of
CH25H�/� mice (24). Having observed lower CH25H mRNA
levels in IRF-1�/� MHV68-infected macrophages (Fig. 4A), accu-
mulation of its enzymatic product, 25HC, was examined. As ex-
pected, 25HC levels were increased in MHV68-infected BL6 mac-
rophages compared to those in the mock-infected BL6 controls
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(Fig. 4C). In contrast, 25HC levels were reduced in IRF-1�/� mac-
rophages, regardless of infection status. Thus, IRF-1 facilitated the
expression of CH25H and 25HC, its enzymatic product, in
MHV68-infected primary macrophages.

25HC contributes to IRF-1-dependent attenuation of
MHV68 replication in primary macrophages. Because of the
broad antiviral activity of 25HC (23, 24), we examined its relative
contribution to IRF-1-mediated restriction of MHV68 replica-
tion. Treatment of control BL6 macrophages with exogenous
25HC produced a modest decrease in MHV68 replication, consis-
tent with the endogenous production of 25HC by these macro-
phages (Fig. 4D). Increased levels of MHV68 replication were ob-
served in carrier-treated CH25H�/� macrophages compared to
BL6 cultures (also see the results presented in Fig. 5). Exogenous
addition of 25HC to CH25H�/� macrophages decreased MHV68

replication to the levels observed in 25HC-treated BL6 macro-
phages, indicating that the increased MHV68 replication observed
in CH25H�/� carrier-treated cultures was due to the lack of
25HC. In contrast, while exogenous 25HC treatment of IRF-1�/�

macrophages decreased the level of MHV68 replication compared
to that for the carrier-treated control, the levels of viral replication
after this decrease failed to reach the levels observed in 25HC-
treated BL6 and CH25H�/� macrophages. Thus, the production
of 25HC by CH25H contributed to but was not exclusively re-
sponsible for the IRF-1-mediated attenuation of MHV68 replica-
tion.

CH25H expression attenuates MHV68 replication. In agree-
ment with the broad antiviral activity of CH25H (23, 24), higher
levels of MHV68 replication were observed in CH25H�/� pri-
mary macrophages than the BL6 controls at both high and low
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MOIs (Fig. 5A and B), confirming that CH25H attenuated
MHV68 replication in these immune cells. Similar to the observa-
tions made in IRF-1�/� macrophages (Fig. 3), the induction of
IFN-� mRNA was comparable in control and CH25H�/� macro-
phages (Fig. 5C). Furthermore, the mRNA levels of ADAR, an
MHV68-restricting ISG, and the protein levels of IRF-1 were sim-
ilar in control and CH25H�/� macrophages following MHV68
infection (Fig. 5D and E). Thus, CH25H expression restricted
MHV68 replication in primary macrophages but did not affect
global type I IFN expression or signaling in infected cells.

CH25H restricts late stages of MHV68 gene expression and
viral DNA synthesis in primary macrophages. In spite of the
broad antiviral activity of CH25H, the antiviral mechanism re-
mains controversial and poorly understood. Restriction of viral
entry is one proposed CH25H-dependent antiviral mechanism,
especially in the case of enveloped viruses (24). Surprisingly, the
mRNA levels of MHV68 RTA, orf59, and orf40 immediate early/

early genes were similar in control and CH25H�/� macrophages
during the first 24 h of infection (Fig. 6A to C), suggesting that
CH25H expression does not attenuate MHV68 entry or the initial
stages of lytic replication in primary macrophages. This observa-
tion was in contrast to the increased mRNA levels of the same
MHV68 genes observed in IRF-1�/� macrophages by 24 h postin-
fection (Fig. 2A to C), supporting the existence of additional,
CH25H-independent but IRF-1-dependent antiviral mechanisms
that restrict MHV68 replication.

In contrast to the levels in the first 24 h of infection, the mRNA
levels of RTA and viral DNA synthesis genes were increased in
CH25H�/� macrophages at 34 and 48 h postinfection (Fig. 6D
and E; data not shown). However, the levels of RTA and orf59
mRNA in CH25H�/� macrophages remained below the corre-
sponding mRNA levels in IRF-1�/� macrophages (Fig. 6D and E).
Similar to what was observed in IRF-1�/� macrophages,
CH25H�/� macrophages displayed higher levels of viral DNA ac-
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cumulation (Fig. 6F); however, these increased viral DNA levels
appeared with delayed kinetics in CH25H�/� cells (at 30 to 48 h
postinfection versus 18 to 24 h postinfection in IRF-1�/� macro-
phages; compare Fig. 6F and 2D). In conclusion, the IRF-1-im-
posed attenuation of the MHV68 lytic life cycle was more pro-
found than that imposed by CH25H, supporting the existence of
several IRF-1-dependent antiviral mechanisms that restrict
MHV68 replication.

DISCUSSION

In this study, we show that IRF-1 attenuates gammaherpesvirus
replication in primary macrophages and offer an insight into the
mechanism by which IRF-1 exerts its antiviral effects. Based on the
results of the current study, we propose the following working
model (Fig. 7). Constitutive expression of IRF-1 in primary mac-
rophages is further stimulated by the type I IFN that is induced
following MHV68 infection. While the global type I IFN response
appears to be similar in IRF-1-deficient and wild-type MHV68-
infected macrophages, IRF-1 transcriptionally induces a number
of cellular genes, including the gene for CH25H. These IRF-1-
induced genes interfere with MHV68 gene expression and DNA
synthesis, thus restricting viral replication.

Antiviral functions of IRF-1. IRF-1 has broad antiviral activ-
ities that restrict the replication of several families of viruses, in-
cluding flavi-, toga-, and retroviruses (7–9); importantly, the
mechanism by which IRF-1 exerts its antiviral functions remains

poorly understood. Replication of West Nile virus (WNV) was
restricted by IRF-1 in primary macrophages but not fibroblasts,
indicating that IRF-1 antiviral activities may be further modified
in a cell type-specific manner (7). Furthermore, IRF-1�/� mice
demonstrated higher levels of WNV replication in vivo (7). Inter-
estingly, similar to our observations (Fig. 3), the global type I IFN
response was not attenuated in the absence of IRF-1 following
either in vivo or in vitro WNV infection.

On the basis of genetic evidence presented in this study (Fig.
3E), IRF-1 functions downstream of the type I IFN receptor to
attenuate MHV68 replication in primary macrophages. Interest-
ingly, IRF-1 expression was required for IFN-�-mediated sup-
pression of mouse norovirus (MNV) replication in primary mac-
rophages in vitro (53). A similar phenotype was seen with vaccinia
virus (VACV), where IRF-1 was required for IFN-�-mediated
suppression of VACV replication in mouse fibroblasts (54). Be-
cause IFN-� is not expressed in primary macrophages infected
with MHV68 in vitro (our unpublished observations), it is possi-
ble that IRF-1 has additional, type I IFN-independent functions
that attenuate MHV68 infection, especially in vivo where IFN-� is
present (55). Identification of such additional IRF-1 functions is
the focus of ongoing studies.

The exact stages of the viral life cycle that are inhibited by IRF-1
are mostly unknown. In this study, IRF-1 suppressed viral gene
expression starting between 12 and 24 h postinfection and atten-
uated the accumulation of MHV68 DNA (Fig. 2). Interestingly,
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the timing of IRF-1-dependent antiviral effects in our study lagged
behind the time of peak IRF-1 expression (Fig. 1C and D), sug-
gesting that IRF-1 primarily exerts its antiviral functions by induc-
ing expression of host genes, such as the CH25H gene. However, at
this time we cannot exclude the possibility of potential direct ef-
fects of IRF-1 on the regulation of viral gene expression, as IRF-1
protein levels still remain above those at the baseline at 24 h
postinfection (Fig. 1D), when the antiviral effects are observed.

Finally, IRF-1 antiviral effects may be further regulated by a
yet-to-be-identified MHV68 protein, similar to the postulated
regulation of IRF-1 by KSHV-encoded viral IRF-1 in the context
of infection (17). It is clear, however, that the inhibition of IRF-1
in the context of MHV68 infection is incomplete, as evidenced by
increased viral replication in IRF-1�/� macrophages (Fig. 1). In-
stead, MHV68 may usurp IRF-1 to mediate putative proviral
functions, similar to the positive effect of IRF-1 on the transcrip-
tion of the EBV latent gene in vitro (18, 19) and suppression of the
MHV68 M2 gene by a related IRF, IRF-2, in vivo (56). Thus, the
identification of a putative IRF-1 MHV68 regulator will be an
important focus of future studies.

Antiviral functions of CH25H. In this study, we show that
IRF-1 facilitates transcription of the gene for CH25H (Fig. 4A), an
activity that contributes to IRF-1-mediated attenuation of
MHV68 (Fig. 4D). CH25H expression can be induced by Stat1
(23, 57), and IRF-1 cooperates with Stat1 in the induction of select
cytokine genes (58). Thus, it is possible that IRF-1 cooperates with
Stat1 to directly induce CH25H expression in MHV68-infected
macrophages. Alternatively, another transcriptional factor in-
duced or activated by IRF-1 can be directly responsible for the
differential expression of CH25H in IRF-1-deficient and -profi-
cient macrophages. Importantly, it is clear that increased CH25H
expression is not sufficient to account for all the antiviral effects of
IRF-1 in the context of MHV68 infection. Thus, a comprehensive
analysis of IRF-1-dependent gene expression in the context of
MHV68 infection is a critical future direction for research that will
allow identification of additional cellular genes that restrict
MHV68 replication.

CH25H is an endoplasmic reticulum-associated enzyme that
modifies cholesterol to generate 25HC, an oxysterol with multiple
roles in diverse cell signaling pathways. Interestingly, 25HC is the
predominant oxysterol produced by IFN-treated or mouse cyto-
megalovirus-infected primary macrophages (23, 26). In addition
to the well-characterized roles of CH25H in the regulation of cho-
lesterol biosynthesis and liver X receptor-mediated transcription
(49–51), CH25H and its product, 25HC, were recently shown to
restrict the replication of diverse viruses, including MHV68 (23,
24). However, the exact mechanism by which CH25H limits virus
replication remains controversial and is likely to be further mod-
ified in the context of individual virus families. In this study,
CH25H expression attenuated viral gene transcription and
MHV68 DNA synthesis during late stages of replication, making it
unlikely that the endoplasmic reticulum-associated enzyme itself
directly suppresses these viral processes. Thus, an important focus
of future studies will be identification of the exact mechanism by
which CH25H and its product, 25HC, suppress viral gene expres-
sion and DNA replication.

Finally, identification of the roles of IRF-1 and CH25H during
chronic gammaherpesvirus infection and virus-driven lymphom-
agenesis is an important and immediate future direction of re-
search, especially given the tumor suppressor functions of IRF-1.

The analysis of in vivo phenotypes is further complicated by the
functions of IRF-1 and CH25H in the innate and adaptive im-
mune response (26, 39, 59, 60) and IRF-1 involvement in the DNA
damage response, which is known to regulate chronic MHV68
infection (61, 62). Dissection of the antiviral mechanism by which
IRF-1 suppresses gammaherpesvirus replication and chronic in-
fection is likely to benefit understanding of IRF-1 antiviral func-
tions in the context of other virus families.
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