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Interferon (IFN) signaling is crucial for antiviral immunity. While type I IFN signaling is mediated by STAT1, STAT2, and IRF9,
type II IFN signaling requires only STAT1. Here, we studied the roles of these signaling factors in the host response to systemic
infection with lymphocytic choriomeningitis virus (LCMV). In wild-type (WT) mice and mice lacking either STAT2 or IRF9,
LCMV infection was nonlethal, and the virus either was cleared (WT) or established persistence (STAT2 knockout [KO] and
IRF9 KO). However, in the case of STAT1 KO mice, LCMV infection was lethal and accompanied by severe multiorgan immune
pathology, elevated expression of various cytokine genes in tissues, and cytokines in the serum. This lethal phenotype was unal-
tered by the coabsence of the gamma interferon (IFN-�) receptor and hence was not dependent on IFN-�. Equally, the disease
was not due to a combined defect in type I and type II IFN signaling, as IRF9 KO mice lacking the IFN-� receptor survived infec-
tion with LCMV. Clearance of LCMV is mediated normally by CD8� T cells. However, the depletion of these cells in LCMV-in-
fected STAT1 KO mice was delayed, but did not prevent, lethality. In contrast, depletion of CD4� T cells prevented lethality in
LCMV-infected STAT1 KO mice and was associated with a reduction in tissue immune pathology. These studies highlight a fun-
damental difference in the role of STAT1 versus STAT2 and IRF9. While all three factors are required to limit viral replication
and spread, only STAT1 has the unique function of preventing the emergence of a lethal antiviral CD4� T-cell response.

Interferons (IFN) are important mediators of innate and adap-
tive antiviral immune responses (reviewed in references 86 and

92). They are grouped into the type I IFN (IFN-I) family, which
includes alpha interferon (IFN-�) and IFN-�; the type II IFN
(IFN-II) family, with IFN-� being the only member; and the type
III IFN family, which consists of the IFN-�s. All IFN-Is bind to a
common heterodimeric cell surface receptor, termed IFNAR, that
induces the phosphorylation of signal transducer and activator of
transcription 1 (STAT1) and STAT2. Activated STAT1 and
STAT2 form a trimolecular complex with interferon regulatory
factor 9 (IRF9). This complex, termed interferon-stimulated gene
factor 3 (ISGF3), binds to interferon-stimulated response ele-
ments (ISREs) to regulate the transcription of IFN-I-regulated
genes. Although the IFN-IIIs bind to a distinct heterodimeric re-
ceptor (interleukin 28 receptor � [IL-28R�]/IL-10R�), they also
signal predominantly through the ISGF3 complex (reviewed in
reference 8). In contrast, binding of IFN-� to its unique receptor,
IFNGR, results in the phosphorylation of STAT1 and formation of
STAT1 homodimers that recognize gamma-activated sequences
(GAS) present in the promoter regions of IFN-II-regulated genes.
Furthermore, overlap in signal transduction between the two
IFN families exists: IFN-Is can induce the formation of STAT1
homodimers and stimulate GAS-driven gene expression (43, 47,
59, 67, 96, 109), while IFN-� signaling can result in the formation
of a modified ISGF3 complex that binds to ISREs (73). In addi-
tion, IFN-I, as well as IFN-II, can activate additional signaling
pathways (reviewed in references 41 and 99). However, the nature
of these pathways and their biological significance is not yet well
understood.

Following infection with many viruses, IFN-Is are rapidly se-
creted by various cell types, with plasmacytoid dendritic cells
(pDCs) among the most potent producers (11, 28, 97). IFN-Is

induce the production of several innate antiviral molecules aimed
at inhibiting infection of cells, viral replication, and virus spread.
As a consequence, disruption of the IFN-I system severely com-
promises host antiviral defense (reviewed in references 5, 19, 38,
and 98). In addition to these direct effects, IFN-Is link the innate
and adaptive immune responses. They are important for the mat-
uration of antigen-presenting cells and expression of major histo-
compatibility complex class I (MHC-I) and MHC-II molecules,
and they also activate T and B cells and promote IFN-� produc-
tion in CD8� T cells (5, 93).

Lymphocytic choriomeningitis virus (LCMV) is a member of the
family Arenaviridae and has its natural reservoir in rodents (27, 61,
90, 102). In humans, LCMV is a rare cause of meningoencephalitis
in adults and fetuses (15, 26, 89, 106, 107), but more recently, it
has been associated with lethal infection in transplant organ recip-
ients (36). In adult immunocompetent wild-type (WT) mice, pe-
ripheral infection with the neurotropic strain LCMV-Armstrong
(LCMV-Arm) causes only mild clinical signs of disease. In con-
trast, intracranial (i.c.) infection with the virus results in a lethal
neurological disease. This disease, termed lymphocytic chorio-
meningitis (LCM), is characterized by seizures and mononuclear
cell infiltrates in the meninges and choroid plexus (4, 12). As
LCMV is a noncytopathic virus, LCM is the consequence of the
strong host immune response against the virus (reviewed in ref-
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erence 52), which ultimately causes brain edema and herniation
(68). The development of LCM is dependent on CD8� effector T
cells (12, 24, 29–31, 37, 79) but does not require CD4� T helper
cells (24, 58). Following peripheral infection, LCMV is cleared
within 10 to 12 days postinfection, and virus elimination is medi-
ated by virus-specific CD8� T cells (2, 20, 57, 66, 87, 111), but not
CD4� T cells or antiviral antibodies (2, 66).

Recognition of LCMV through the innate pattern receptors
RIG-I and MDA5 (108) induces, in an IRF7-dependent manner,
the production of IFN-Is within 24 to 48 h (25, 62, 65, 71, 108).
IFN-Is are critical to limiting LCMV replication (56), and they
stimulate clonal expansion, proliferation, and survival of antiviral
CD8� T cells (3, 55, 74). Although the cellular source of IFN-I
production in LCMV infection is still controversial, various cell
types, including DCs and macrophages, may contribute to its pro-
duction (42, 50, 62, 65, 72). While development of LCM is inde-
pendent of IFN-� (48, 75), IFNAR-deficient mice do not develop
LCM following i.c. infection with LCMV-Arm (74). In these mice,
an antiviral cytotoxic T lymphocyte (CTL) response is not detect-
able, and LCMV persists for a prolonged time (88). Although the
role of IFN-III in the infection of mice with LCMV is not well
investigated, one study reported that, in contrast to IFN-�, treat-
ment with IFN-�2 did not result in a reduced virus load (7), sug-
gesting that IFN-III might play no crucial role in the murine host
defense against LCMV. However, further studies are needed to
clarify the role of IFN-III in the disease.

Despite the central roles of STAT1, STAT2, and IRF9 in IFN-I
signaling, there has been only limited investigation of the roles
that these factors play in LCMV infection. Similar to IFNAR/
IFGNR double-deficient mice (80), STAT1 knockout (KO) mice
have impaired IFN-I and IFN-II signaling, as well as increased
viral titers, following peripheral infection with LCMV (71). In
STAT1 KO mice, this is accompanied by cachexia, increased num-
bers of IFN-�-producing NK cells (71), and proliferation of CD8�

T cells within the first 3 to 5 days postinfection (40), suggesting
dysregulation of the innate immune response. This is further sup-
ported by the observation that STAT1 KO mice develop a lethal
disease in the absence of classical LCM following i.c. inoculation
with LCMV-Arm (83) and contrasts with the mild clinical course
in IFNAR-deficient mice (74). In contrast to STAT1 KO mice,
STAT2 KO mice do not develop lethal disease following i.c. infec-
tion with LCMV (83), and similar to IFNAR KO mice, viral titers
are significantly higher in STAT2-deficient mice than in WT mice
(71). However, the role of IRF9 in LCMV infection has so far not
been studied. The aim of the current study was to further delineate
the role of IFN signaling in the host response to LCMV infection
using various mouse strains with defects in IFN-I and/or IFN-II
signaling and to determine the mechanism of lethal disease previ-
ously reported for STAT1 deficiency (83).

MATERIALS AND METHODS
Animals. STAT1 KO mice (33) were provided originally by Joan Durbin,
Nationwide Children’s Hospital, Columbus, OH. STAT2 KO mice (84)
were provided by Christian Schindler, Columbia University, New York,
NY. IRF9 KO mice (54) were obtained from Riken Bioresource Center,
Japan, and IFN-� receptor-deficient (IFNGR KO) mice (48) were pur-
chased from Jackson Laboratories (Bar Harbor, ME). Double-gene-defi-
cient mice (IRF9 KO � IFNGR KO and STAT1 KO � IFNGR KO mice)
were produced by interbreeding, and all genotypes were verified by PCR
analysis of tail DNA. All mice used were on the C57BL/6 background and
maintained under pathogen-free conditions in the animal facility of the

School of Molecular Bioscience, University of Sydney. Ethical approval
for the use of all mice in this study was obtained from the University of
Sydney Animal Care and Ethics Committee.

LCMV infection. All mice were aged between 8 and 16 weeks at the
time of infection. For virus inoculation, mice were given either i.p. or i.c.
injection of phosphate-buffered saline (PBS) plus 1% fetal bovine serum
(FBS) containing 1,000 PFU (in 200 �l) or 250 PFU (in 20 �l) of LCMV-
Armstrong 53b, respectively. Sham-infected mice, which served as con-
trols, received the same volume of PBS plus 1% FBS without virus. Prior to
i.c. injection, mice were anesthetized with 100 �g ketamine and 1 �g
xylazine per g bodyweight.

Tissue collection and immunohistochemistry. To determine patho-
logical changes, mice were euthanized at the times shown, and the brains
and organs (lung, liver, spleen, and kidney) were removed and fixed over-
night in ice-cold 4% paraformaldehyde in PBS (pH 7.4). Following par-
affin embedding, tissue sections (5 �m) were prepared and stained with
hematoxylin and eosin (H&E). For immunohistochemistry, tissue was
embedded in Tissue Tek (Sakura Finetek, Zoeterwoude, Netherlands) and
snap-frozen in liquid-nitrogen-cooled isopentane. Immunohistochemis-
try was performed as described elsewhere (46). The primary antibodies
used were against CD4, CD8 (1:50 dilution; BD Pharmingen, Ryde, Aus-
tralia), 7/4 (1:50 dilution; Serotec, Raleigh, NC), and Mac1 (1:20 dilution;
ATCC clone TIB 128). Sections were incubated successively with a biotin-
ylated secondary antibody (Vector Laboratories, Burlingame, CA) and
streptavidin-coupled horseradish peroxidase (Vector Laboratories). Di-
aminobenzidine was applied as the peroxidase substrate, and sections
were briefly counterstained with hematoxylin. The stained sections were
examined under a DM4000B bright-field microscope (Leica, Wetzlar,
Germany), and images were captured using a Spot Flex camera and Spot
V4.5 software (Diagnostic Instruments).

Multiplex assay for cytokines. To determine cytokine levels in serum,
a Luminex assay for 23 cytokines (Bioplex Mouse Cytokine 23-Plex Panel;
Bio-Rad, Gladesville, Australia) was performed according to the manu-
facturer’s instructions. Briefly, serum (3 independent samples per geno-
type and condition) was diluted 1:3 in mouse serum diluent (Bio-Rad)
and incubated with antibody-coupled beads and then biotinylated anti-
body, followed by incubation with streptavidin-phycoerythrin (PE). The
samples were analyzed using a Luminex 100 system (Bio-Rad) and Bio-
Plex Manager software (Bio-Rad). A significant increase or decrease in the
level of a particular cytokine was present if the mean of the values of the
samples from infected mice showed at least a 2-fold change compared
with the uninfected samples and if the values were significantly different as
determined by a Mann-Whitney U test.

RPA. Total RNA was isolated from snap-frozen tissue using Tri-
Reagent (Sigma-Aldrich, Castle Hill, Australia) according to the manu-
facturer’s instructions. RNase protection assays (RPAs) were performed
and analyzed as described previously (9). Multiprobe sets were used for
RPAs to detect the LCMV nucleoprotein (LCMV-NP) RNA (91) and
various cytokine mRNAs (10, 45). For the detection of IL-17 mRNA and
IL-23p19 mRNA, probes were generated as described previously (82).
Target sequences for the IL-17 probe were nucleotides 77 to 327 (GenBank
accession no. NM_010552), and for the IL-23p19 probe, they were nucle-
otides 304 to 583 (GenBank accession no. NM_031252).

LCMV plaque assay. Vero cells (6 � 105 cells/well) were plated over-
night in six-well plates. Tissues were weighed and homogenized in 1 ml
ice-cold PBS. Serial dilutions (1:10, 1:100, and 1:1,000) were made with
PBS. The medium was removed from the Vero cells, and 200 �l of diluted
tissue lysate was added to each well. In addition, a serial dilution from 108

to 100 PFU/ml of LCMV was used as a positive control. After 1 h of
incubation at 37°C with 5% CO2, the lysate was removed, and 2% car-
boxymethyl cellulose (Sigma-Aldrich) mixed 1:1 with 2� Dulbecco’s
modified Eagle’s medium (DMEM) containing 10% FBS was layered on
top of the cells. The cells were incubated at 37°C with 5% CO2 for 5 days
and then fixed with 10% formalin in PBS for 2 h at room temperature. The
cells were washed with H2O, and stained with 0.1% (wt/vol) crystal violet
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in 20% (vol/vol) ethanol for 30 min, rinsed again with H2O, and air dried.
Plaques were counted in each well, and the number of PFU per g tissue was
calculated.

In vivo depletion of CD4� and CD8� cells. Anti-CD4 antibodies
(GK1.5, clone TIB-207; ATCC, Manassas, VA) and anti-CD8 antibodies
(2.43.1, clone TIB-210; ATCC) were produced from hybridoma superna-
tant as follows. Hybridoma cells were cultured in RPMI 1640 (Life Tech-
nologies, Mulgrave, VA, Australia) and 5% fetal bovine serum. The me-
dium was filtered to remove cells, and the proteins were precipitated by
adding dropwise an equal volume of saturated ammonium sulfate solu-
tion. The precipitate from 2 liters of supernatant was dissolved in 40 ml
phosphate-buffered saline and dialyzed for 24 h against 200 volumes
of PBS.

For depletion, mice were injected i.p. with 200 �l of either anti-CD4 or
anti-CD8 neutralizing antibody solution on the day of infection and days
1, 3, 5, and 7 postinfection. In vivo depletion was confirmed by fluores-
cence-activated cell sorter (FACS) analysis. For this, approximately 50 to
100 �l tail vein blood was collected, and erythrocytes were lysed using
erythrocyte lysis buffer (Invitrogen) according to the manufacturer’s in-
structions. The cells were then blocked with CD16/CD32 and stained for
CD4 (anti-CD4 –fluorescein isothiocyanate [FITC]) and CD8 (anti-
CD8 –allophycocyanin [APC]) (all antibodies were from eBioscience, San
Diego, CA) and analyzed using a BD FACSCalibur (BD Pharmingen) and
FlowJo (Ashland, OR) software.

FACS analysis of leukocytes from liver. Mice were perfused with PBS,
and the liver was removed. The tissue was chopped into small fragments,
passed through a 70-�m cell strainer, and digested for 60 min in collage-
nase and DNase. The cell suspension was washed and resuspended in 30%
Percoll (Amersham). The cells were then layered on top of 80% Percoll
and centrifuged for 30 min. The interface between the 30% and 80% layers
that contained the leukocytes was carefully removed, and the cells were
washed in PBS containing 1% FBS and blocked with CD16/CD32. The

cells were stained with fluorochrome-coupled antibodies to detect either
CD3 (PE-Cy7), CD4 (PE), and CD8 (APC) or CD11b (PE-Cy7), CD45
(PerCp), Ly6G (PE), and Ly6C (FITC). The samples were analyzed using
a BD FACSAria (BD Pharmingen) and FlowJo (Ashland, OR) software.

Isolation of leukocytes from lymph nodes and tetramer stain. At day
6 postinfection, WT and STAT1 KO mice were euthanized, and the ingui-
nal lymph nodes were removed. The lymph nodes were dispersed and
passed through a 70-�m cell strainer. The cells were washed in RPMI 1640
medium and counted. For MHC class I tetramer staining, cells were
stained with iTAg MHC class I tetramer-streptavidin-PE loaded with
LCMV peptide GP33-41 (Beckman Coulter, Fullerton, CA), anti-CD3
(peridinin chlorophyll protein [PerCP] labeled), and anti-CD8 (APC la-
beled) according to the manufacturer’s protocol and stored at 4°C until
analysis by FACS. For MHC class II tetramer staining, cells were stained
with IAb gp66-77 tetramer-PE (NIH Tetramer Facility, Emory University,
Atlanta, GA) for 3 h at 37°C. The cells were then washed and stained with
anti-CD3–PerCP and anti-CD4 –APC. The cells were fixed with 0.5%
paraformaldehyde and stored at 4°C. The samples were analyzed using a
BD FACSAria (BD Pharmingen) and FlowJo (Ashland, OR) software.
Significance was determined using a one-tailed Mann-Whitney U test.

RESULTS
LCMV infection has a distinct outcome in STAT1-deficient
mice. I.c. infection of WT mice with LCMV-Arm resulted in a
characteristic neurological disease with convulsive seizures and
death between 7 and 9 days postinfection (Fig. 1A). In contrast,
only mild clinical signs, such as reduced activity, were observed in
WT mice following i.p. infection (Fig. 1B and C). In agreement
with previous studies (48, 75, 80, 83), IFN-� signaling deficiency
had no impact on the clinical course following i.c. or i.p. infection
(Fig. 1A and B) compared with WT mice. In contrast, all STAT2

FIG 1 STAT1 deficiency causes a lethal disease in mice infected with LCMV. (A) I.c. infection of WT and IFNGR-deficient mice with LCMV caused LCM with
characteristic seizures and death. STAT2 KO and IRF9 KO mice developed transient, mild clinical signs following i.c. infection and survived. In contrast,
i.c.-infected STAT1 KO mice developed a progressive lethal wasting disease but no seizures. (B) I.p. infection of WT, IFNGR KO, STAT2 KO, and IRF9 KO mice
resulted in mild clinical signs, and none of the mice died. Comparable with i.c. infection, i.p. infection of STAT1 KO mice caused a wasting disease and the death
of all animals. (C) In contrast to WT mice, starting at day 4 postinfection, i.p. infection with LCMV resulted in a significant reduction of the body weight, by
approximately 10 to 15% in IRF9 KO mice and more than 20% in STAT1 KO mice, by day 7 postinfection. Loss of body weight was significantly greater in STAT1
KO mice than in IRF9 KO mice, and in the latter, body weight stabilized from day 8 postinfection. The data are shown as means � standard errors of the mean
(SEM). ** and ***, P 	 0.01 and P 	 0.001 compared with WT mice; ###, P 	 0.001 compared with IRF9 KO mice, as determined by Mann-Whitney U test.
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KO (Fig. 1A and B) and IRF9 KO (Fig. 1) mice survived i.c. and i.p.
infection and developed only moderate clinical signs with reduced
activity, ruffled fur, and weight loss. Previous studies have indi-
cated that i.c. infection of STAT1 KO mice results in slightly de-
layed death due to a wasting disease rather than the convulsive
seizures characteristic of LCM (83). In our study, we not only
confirmed these findings (Fig. 1A), but also demonstrated that i.p.
infection of STAT1 KO mice resulted in 100% lethality after 8 to
12 days, associated with marked progressive weight loss (Fig. 1B
and C). Similar to IRF9 KO mice, weight loss in STAT1 KO mice
started at around day 3 postinfection and reached more than 20%
of the initial weight by day 7 postinfection. Furthermore, from day
5 postinfection, weight loss was significantly greater in STAT1 KO
mice than in IRF9 KO mice. Thus, the absence of STAT1 has
unique effects on the clinical course following LCMV infection
that are distinct from deficiency in STAT2, IRF9, or IFNGR.

STAT1 has a key role in both IFN-I and IFN-II signaling. To
determine if the combined disruption of IFN-I and IFN-II signal-
ing might account for lethality following infection with LCMV, we
generated mice that were deficient for both IRF9 and IFNGR.
Peripheral infection with LCMV was not lethal in IRF9 KO �
IFNGR KO mice, as the mice developed only moderate clinical
signs that were indistinguishable from those seen in similarly in-
fected IRF9 KO or STAT2 KO mice (Fig. 1A and B). This demon-
strated that the combined loss of IFN-I and IFN-II signaling per se
could not produce the effect of STAT1 deficiency on clinical dis-
ease following LCMV infection.

The possibility that STAT1-independent IFN-� signaling
might mediate lethality in STAT1 KO mice was also examined.
STAT1 KO � IFNGR KO mice infected i.c. or i.p. with LCMV
developed a clinical course of lethal disease similar to that of
STAT1 KO mice (Fig. 1A and B), which indicated that the lethal
phenotype in LCMV-infected STAT1 KO mice is independent of
IFN-�.

Absence of type I, but not type II, IFN signaling results in
increased and widespread virus RNA levels. We investigated the
expression of LCMV-NP RNA as a marker for virus load and
spread. Following i.p. infection in WT mice, low levels of
LCMV-NP RNA were present in the liver at day 3 and day 6
postinfection and in the kidney at day 6 and day 12 postinfection,
but it was not detectable in the brain at either day 3, 6, or 12
postinfection (Fig. 2A). Similarly, LCMV-NP RNA was present in
the livers of IFNGR KO mice at day 6 and day 12 postinfection but
was not detectable in the brain (Fig. 2C). However, compared with
WT mice, viral clearance from the livers of infected IFNGR KO
mice was delayed. In contrast, in STAT1 KO and IRF9 KO mice
infected i.p. with LCMV, LCMV-NP RNA was readily detectable
and increased significantly in the liver, kidney, and brain at day 3
and day 6 postinfection (STAT1 KO and IRF9 KO mice) and day
12 postinfection (IRF9 KO mice) (Fig. 2A) compared with simi-
larly infected WT controls. These findings demonstrate the crucial
role of both STAT1 and IRF9 in limiting virus spread and replica-
tion following infection with LCMV and show that lethality in the
STAT1 KO mice cannot be accounted for by viral load alone.

Increased LCMV RNA levels in STAT1 KO mice correlate
with increased virus load. To assess if the high virus RNA levels in
infected IFN-I signaling-deficient mice corresponded to higher
levels of infectious virus, we performed plaque assays on liver
lysates from uninfected and day 3 and day 6 infected WT and
STAT1 KO mice. Lysates from the livers of uninfected WT and
STAT1 KO mice did not contain any detectable virus (Fig. 2B).
Likewise, liver lysates from day 3 and day 6 infected WT mice did
not contain detectable levels of virus, whereas, a high virus titer
was found for liver lysates from infected STAT1 KO mice at these
times postinfection (Fig. 2B). In concordance with the LCMV
RNA levels determined by RPA, a higher LCMV titer was present
at day 6 postinfection than at day 3 postinfection in STAT1 KO
mice.

FIG 2 STAT1 and IRF9 are required to limit viral replication and spread and for the elimination of LCMV. (A) WT mice infected i.p. had low levels of LCMV-NP
RNA in the liver at days 3 and 6 postinfection and in the kidney at days 6 and 12 postinfection. No viral RNA was detectable in the central nervous system (CNS).
High levels of viral RNA were present in the livers, kidneys, and CNS of infected STAT1 KO and IRF9 KO mice. (B) Plaque assays performed on liver lysates from
WT and STAT1 KO mice showed no infectious virus detectable by the assay in uninfected WT and STAT1 KO mice or in infected WT mice. In contrast, a high
virus titer was present in the livers of day 3 and day 6 infected STAT1 KO mice. (C) Similar to WT mice, LCMV-NP RNA was detectable in the liver, but not the
CNS, of IFNGR KO mice. Viral clearance was delayed in IFNGR mice compared with WT mice. Values from RPA were normalized to the housekeeping gene L32
and are shown as mean and SEM. *, P 	 0.05, and ***, P 	 0.001 compared with the respective time point in WT mice as determined by Mann-Whitney U test.
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Infection of STAT1 KO mice with LCMV results in severe
tissue immunopathology. To determine the basis for the lethal
disease caused by LCMV infection in STAT1 KO mice, histologi-
cal examination was performed on various organs from WT,
IFNGR KO, STAT2 KO, IRF9 KO, and STAT1 KO mice infected
i.p. with LCMV. The livers (Fig. 3B), kidneys (Fig. 3F), lungs (Fig.
3K), and spleens (Fig. 3O) from WT mice at day 6 postinfection
showed no overt pathological changes compared with sham-in-
fected mice (Fig. 3A, E, I, and N, respectively). Comparable with
WT mice, organs from LCMV-infected IFNGR KO mice revealed
few if any pathological changes (data not shown). At day 6 postin-
fection, the livers, kidneys, and lungs of IRF9 KO (Fig. 3D, H, and
M) and STAT2 KO (data not shown) mice infected i.p. with
LCMV showed scattered inflammatory foci. However, the overall
tissue architecture was preserved, and no necrosis was present.
The spleens of infected IRF9 KO (Fig. 3Q) and STAT2 KO (data
not shown) mice showed partial loss of germinal centers. In con-
trast, at day 6 postinfection, large numbers of leukocytes were
present in the livers (Fig. 3C), kidneys (Fig. 3G), and lungs (Fig.
3L) of STAT1 KO mice, and the spleens of these mice showed loss
of germinal centers (Fig. 3P). A high number of these infiltrating
leukocytes in the livers (Fig. 3R, arrows), kidneys (Fig. 3S, arrows),
and lungs (not shown) of infected STAT1 KO mice consisted of
polymorphonuclear cells (PMNs). In addition, areas of necrosis
were observed in various tissues, including the livers (Fig. 3T) and
kidneys (Fig. 3U) of LCMV-infected STAT1 KO mice. In sum-
mary, these findings highlight the presence of a generalized and
severe multiorgan immune pathology and associated tissue de-
struction in STAT KO mice infected with LCMV.

To determine the distribution and phenotype of the leukocytes
infiltrating the organs, immunohistochemistry was performed on
liver and kidney tissue sections. In the livers and kidneys of sham-
infected STAT1 KO mice, only a few CD4� (Fig. 4A and M) and
CD8� (Fig. 4B and N) T cells and macrophages (Fig. 4C and O)
and some neutrophils (Fig. 4D and P) were present. These find-
ings were comparable to those for sham-infected WT mice (data
not shown). At day 6 postinfection, the livers (Fig. 4E to H) and
kidneys (Fig. 4Q to T) of WT mice showed a moderate increase in
infiltrating CD4� (Fig. 4E and Q) and CD8� (Fig. 4F and R) T
cells, macrophages (Fig. 4G and S), and neutrophils (Fig. 4H and
T). In contrast to this, large numbers of CD4� (Fig. 4I and U) and
CD8� (Fig. 4J and V) T cells, macrophages (Fig. 4K and W),
and neutrophils (Fig. 4L and X) were present in the livers and
kidneys of LCMV-infected STAT1 KO mice at day 6 postinfection.
These findings indicate that a dysregulated immune response to
LCMV in STAT1 KO mice may cause peripheral tissue damage
and form the basis for the ensuing lethal disease.

To further determine the numbers of infiltrating cells in pe-
ripheral organs from WT and STAT1 KO mice infected i.p. with
LCMV, FACS analysis was performed on leukocytes isolated from
the liver. In uninfected WT and STAT1 KO mice, the numbers and
percentages of CD4� and CD8� T cells, neutrophils (CD45�,
Ly6G�, and CD11b�), and monocytes/macrophages (CD45�,
Ly6G
, and CD11b�) were similar (Fig. 5). At day 6 postinfection,
the livers of WT mice showed a moderate increase in CD4� T-cell
and macrophage numbers that was significant for CD4� T cells
only in respect to the percentage of live cells compared with un-
infected controls. The numbers and percentages of live cells also
increased for CD8� T cells and neutrophils but did not reach
statistical significance. In contrast, the numbers and percentages

of CD4� and CD8� T cells, neutrophils, and macrophages were
significantly increased in infected STAT1 KO mice compared with
uninfected controls or infected WT mice (Fig. 5).

Exaggerated cytokine gene expression in organs and cyto-
kine levels in sera of LCMV-infected STAT1 KO mice. To further
characterize the nature of the inflammatory response in LCMV-
infected IRF9 KO and STAT1 KO mice, we analyzed the expres-
sion of several cytokine and chemokine genes in the liver. In un-
infected WT, IRF9 KO, and STAT1 KO mice, the mRNA levels for
all cytokines analyzed were similar, with the exception of tumor
necrosis factor (TNF) (Fig. 6A) and transforming growth factor
beta (TGF-�) (Fig. 6F); the levels of TNF mRNA were significantly
lower in IRF9 KO and STAT1 KO mice than in WT mice, while the
levels of TGF-� mRNA were significantly lower in STAT1 KO
mice than in WT mice. In WT mice infected i.p. with LCMV,
increased TNF mRNA levels were seen at days 3 and 6 postinfec-
tion (Fig. 6A); IL-1� mRNA levels at day 6 postinfection (Fig. 6B);
and TGF-� mRNA levels at days 3, 6, and 12 postinfection (Fig.
6F) were also increased compared with uninfected controls. In
WT mice, no significant changes were observed in the mRNA
levels for the remaining cytokines analyzed at either day 3 or day 6
(Fig. 6C to J) compared with uninfected controls. In infected IRF9
KO mice, several cytokine mRNA levels were increased compared
with uninfected controls: TNF and TGF-� mRNA levels were in-
creased at days 3, 6, and 12 postinfection (Fig. 6A and F); IL-23
p19 mRNA levels at days 3 and 6 postinfection (Fig. 6H); IL-1�
and IL-1� mRNA levels at days 3 and 12 postinfection; and IL-17
mRNA levels at day 3 postinfection (Fig. 6J). At day 3 postinfec-
tion, WT and IRF9 KO mice showed similar patterns of cytokine
gene expression, with the exception of the transiently elevated
IL-10, IL-17, and IL-23 p19 mRNA levels in IRF9 KO mice that
were not detectable in infected WT mice. Also, TNF mRNA levels
were higher in IRF9 KO mice in this early phase than in WT mice.
In addition, at day 12 postinfection, TNF, IL-1�, IL-1�, and IL-10
mRNA levels were significantly higher in IRF9 KO mice than in
WT mice, which indicated there is a more prolonged response in
IRF9 KO mice. For the other cytokine genes examined, there were
no significant changes in expression observed following i.p. infec-
tion. Together, these findings suggest dysregulation of the antivi-
ral immune response in IRF9 KO mice that affects both the early
and later phases of infection.

In STAT1 KO mice infected i.p. with LCMV, at day 3 postin-
fection, TNF, IL-1�, IL-1�, and TGF-� mRNAs were increased to
levels similar to those found in infected WT and IRF9 KO mice,
while IL-23 p19 and IL-17 mRNAs were increased to levels similar
to those found in infected IRF9 KO mice (Fig. 6A to J). However,
at this time postinfection in STAT1 KO mice, IFN-�, IL-6, and
IL-10 mRNA levels were increased significantly above the levels
observed in either WT or IRF9 KO mice. Moreover, in STAT1 KO
mice at day 6 postinfection, IL-1�, IL-6, IL-10, IL-23 p19, and
IL-17 mRNA levels were reduced significantly compared with day
3 postinfection. Independent of the mouse genotype, no changes
were observed in the lymphotoxin �, IL-2, IL-3, IL-4, and IL-5
mRNA levels following i.p. infection with LCMV (data not
shown). In summary, the increased expression of various cytokine
mRNAs in IRF9 KO and STAT1 KO mice compared with WT
mice suggests that IFN-I signaling is important for moderating the
early innate antiviral response. Furthermore, the results highlight
exaggerated expression of a number of cytokine genes, including
IFN-�, IL-6, and IL-10, in the early phase following LCMV infec-

Hofer et al.

6936 jvi.asm.org Journal of Virology

http://jvi.asm.org


FIG 3 LCMV infection of STAT1 KO mice results in destructive organ pathology. The livers (A), kidneys (E), and lungs (I) of sham-infected STAT1 KO mice
showed no overt pathological alterations, and germinal centers present in the spleen appeared normal (N). Comparable findings were obtained for the livers (B),
kidneys (F), lungs (K), and spleens (O) from WT mice at day 6 postinfection. In contrast, the livers (C), kidneys (G), and lungs (L) of infected STAT-deficient
mice showed prominent mononuclear infiltrates. No organized germinal centers were seen in the spleens (P) of infected STAT1 KO mice. The livers (D,
arrowheads), kidneys (H), and lungs (M) from infected IRF9 KO mice contained few foci with infiltrating leukocytes. In the spleens (Q) of infected IRF9 KO
mice, germinal centers were less easily discernible than in WT mice but were still identifiable. Higher magnification of tissue sections from the livers (R) and
kidneys (S) of infected STAT1 KO mice showed the presence of lymphocytes and polymorphonuclear granulocytes (arrows), as well as focal necrosis, in liver (T,
arrows) and kidney (U, arrows; note the normal glomerulus in the top left corner). Original magnifications: A to H, �20; I to M, �10; N to Q, �5; R to U, �40.
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tion in STAT1 KO mice that was distinct from the response seen in
IRF9 KO and WT mice.

The possibility that LCMV-infected STAT1 KO mice may be
afflicted by a “cytokine storm” was examined next. Sera from un-
infected and infected (day 3 and day 6) WT and STAT1 KO mice
were analyzed by multiplex assay to determine the levels of several
cytokines and chemokines (Fig. 7 and Table 1). Of the 23 cyto-
kines and chemokines analyzed, IL-2, IL-10, IL-12p40, CCL2,
CCL4, CCL11, and CXCL1 had lower basal levels in STAT1 KO

mice than in WT mice. However, the difference was not signifi-
cant. At day 3 postinfection, only CCL2 and CCL4 showed a sig-
nificant increase in WT mice, while IL-2 was significantly reduced
(Fig. 7 and Table 1). At day 6 postinfection, CCL2, CXCL1, gran-
ulocyte colony-stimulating factor (G-CSF), and IL-5 were in-
creased significantly in the sera of WT mice, while IL-12p70 was
decreased significantly. In the sera of infected STAT1 KO mice,
CCL2, CCL4, G-CSF, IL-5, IL-6, IL-10, IL-12p70, and IFN-� were
increased significantly at day 3 compared with uninfected controls

FIG 4 Immunophenotype of infiltrating leukocytes in the livers and kidneys of STAT1 KO mice infected with LCMV. In sham-infected STAT1 KO mice, low
numbers of CD4� T cells (A and M), CD8� T cells (B and N), macrophages (C and O), and neutrophils (D and P) were present in the liver and kidney,
respectively. At day 6 post-i.p. infection, few infiltrating CD4� (E and Q) and CD8� (F and R) T cells, macrophages (G and S), and neutrophils (H and T) were
seen in the livers and kidneys of WT mice. In contrast, numerous CD4� (I and U) and CD8� (J and V) T cells, macrophages (K and W), and neutrophils (L and
X) infiltrated the livers and kidneys of infected STAT1 KO mice at day 6 postinfection. Original magnification (all panels), �20.
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(Fig. 7 and Table 1). At day 6 postinfection, CCL2, CCL4, G-CSF,
and IL-10 remained significantly increased compared with unin-
fected mice but were lower than on day 3 postinfection, while the
levels for IL-12p70 and IFN-� returned to almost control levels. In
contrast to this, the levels of IL-5 and IL-6 in sera of STAT1 KO
mice further increased between day 3 and day 6 postinfection. In
addition, at day 6 postinfection, IL-2, IL-3, and IL-9 were in-
creased significantly in STAT1 KO mice compared with unin-
fected mice. The CXCL1 levels were significantly reduced at day 6
in STAT1 KO mice compared with uninfected mice. With the
exception of CCL2, all cytokines and chemokines that were signif-
icantly increased in infected STAT1 KO mice (day 3 or day 6) were
also significantly higher than in the corresponding infected WT
mice. These findings demonstrate that LCMV infection of STAT1

KO mice causes a profound increase in several cytokines and
chemokines in the serum. Early in the infection, factors important
for innate immune cells, including granulocytes and macrophages
(e.g., CCL2, CCL4, and G-CSF) dominated, followed later by in-
creased levels of factors (e.g., IL-6, IL-2, IL-3, IL-9, and IL-10)
important for T-cell responses.

STAT1 KO mice have increased percentages of LCMV-spe-
cific CD4� and CD8� T cells. To assess further the nature of the
antiviral T-cell response in LCMV-infected WT and STAT1 KO
mice, we analyzed for the presence of LCMV-specific CD4� and
CD8� T cells that recognized MHC class II or MHC class I tetra-
mers loaded with LCMV peptides, respectively. Less than 0.3% of
CD4� T cells bound MHC class II tetramers loaded with an irrel-
evant control peptide independent of the genotype or infection
with LCMV (Fig. 8A and D). In WT mice, LCMV infection did not
result in a significant increase in CD4� T cells that recognized the
LCMV-specific MHC class II tetramer at day 6 postinfection (Fig.
8B and D). In contrast, in infected STAT1 KO mice at day 6
postinfection, there was a significant increase in CD4� T cells that
recognized the LCMV-specific tetramer compared with unin-
fected STAT1 KO mice. Although there was an increase in CD8� T
cells that recognized LCMV-specific MHC class I tetramers in
LCMV-infected WT mice compared with uninfected mice, it was
not statistically significant (Fig. 8C and D). On the contrary, in
STAT1 KO mice, infection with LCMV resulted in a significant
increase in CD8� T cells that recognized the virus peptide-specific
tetramer. These results show that, compared with WT mice,
STAT1 deficiency results in a significant early expansion of CD4�

and CD8� T cells that are specific for LCMV.
The lethal disease caused by LCMV infection of STAT1 KO

mice is mediated by CD4� and not CD8� T cells. It is well docu-
mented that the development of LCM or the clearance of LCMV
in adult WT mice infected i.c. or i.p. is mediated by antiviral CD8�

T cells (2, 29, 58, 105, 110). Furthermore, our results suggest that
STAT1 deficiency is associated with an increased expansion of
LCMV-specific CD8� and CD4� T cells. Therefore, we next ex-
amined whether CD8� or CD4� T cells play a role in the lethal
disease in LCMV-infected STAT1 KO mice by depleting these cells
following administration of specific neutralizing monoclonal an-
tibodies. By FACS analysis of blood, it was shown that almost
complete depletion of either CD4� or CD8� cells was achieved,
with less than 0.5% positive cells remaining (Fig. 9A). In WT mice
infected i.p. with LCMV, depletion of either CD4� or CD8� T
cells had no impact on the clinical course (Fig. 9B). On the other
hand, depletion of CD8� T cells, but not CD4� T cells, from WT
mice infected i.c. prevented lethal LCM, confirming the effective
depletion of CD8� T cells (Fig. 9D). In contrast, depletion of
CD8� T cells in STAT1 KO mice infected either i.p. (Fig. 9C) or i.c.
(Fig. 9E) with LCMV delayed significantly, but did not prevent,
lethal disease. However, the depletion of CD4� T cells in STAT1
KO mice infected i.p. or i.c. with LCMV resulted in complete
protection from lethal disease, with all mice surviving �18 days or
35 days, respectively (Fig. 9C and E). The CD4� T-cell-depleted,
LCMV-infected STAT1 KO mice developed mild to moderate
clinical signs, such as reduced spontaneous activity and ruffled fur
around days 7 to 9 postinfection. By 2 weeks postinfection, no
clinical signs were observable. Importantly, nondepleted and
CD4� T-cell-depleted LCMV-infected STAT1 KO mice showed
similar loss of body weight (data not shown).

While the livers, kidneys, and lungs of STAT1 KO mice in-

FIG 5 Significantly increased numbers of leukocytes infiltrate the livers of
LCMV-infected STAT1 KO mice. Shown is FACS analysis of leukocytes iso-
lated from the livers of WT and STAT1 KO mice at day 6 postinfection. Com-
pared with uninfected WT mice, livers from infected WT mice showed slight
increases in the numbers of CD4� (A) and CD8� (C) T cells, neutrophils (E),
and macrophages (G). In contrast, large numbers of CD4� (A) and CD8� (C)
T cells, neutrophils (E), and macrophages (G) infiltrated the liver in STAT1
KO mice following infection. Notably, neutrophils were the most frequent cell
type, followed by macrophages and CD8� T cells. (B, D, F, and H) Percentages
of populations in respect to all live cells. Data are shown as means and SEM. *,
**, and ***, P 	 0.05, P 	 0.01, and P 	 0.001 as determined by Mann-
Whitney U test.
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fected i.p. with LCMV showed extensive leukocyte infiltration and
concomitant tissue destruction (Fig. 3C, F, and I and 9F to H),
CD4� T-cell depletion in similarly infected STAT1 KO mice re-
sulted in considerably reduced leukocyte infiltration and preser-
vation of the tissue (Fig. 9I to K). In summary, these findings show
that CD4� T cells mediate the severe tissue immunopathology
and death, but not weight loss, observed in STAT1 KO mice.

DISCUSSION

IFNs are critical for the innate and adaptive host responses against
viral infection (92, 98). IFN-I-regulated gene expression depends
largely on the presence of the canonical signaling molecules
STAT1, STAT2, and IRF9, while IFN-II signaling is dependent
largely on STAT1. Here, we studied the consequences of disrupted
IFN-I and IFN-II signaling for the infection of mice with LCMV.
Our findings revealed that the effects of STAT1 deficiency on the
outcome of LCMV infection are distinct from either STAT2 or
IRF9 deficiency and independent of IFN-II signaling. Despite in-
creased innate immune responses, all three IFN-I signaling-defi-
cient mice failed to control infection and developed signs of dis-
ease. However, only LCMV infection of mice deficient for STAT1
caused lethal disease that was associated with widely disseminated
tissue immune pathology. This shows that STAT1 has a major
additional protective function in LCMV infection. We further

demonstrated that this protective function involves the preven-
tion of a lethal CD4� T-cell response that mediates extensive and
catastrophic organ damage.

Not surprisingly, increased susceptibility of STAT1 KO mice to
viral infection is not restricted to LCMV and has been observed for
a variety of other viruses (17, 34, 44, 53, 69, 85, 94, 112). However,
no common pathological mechanism appears to exist, as studies
have suggested various causes ranging from a role for innate im-
mune cells, such as monocytes, NK cells, and neutrophils (53, 77,
94), to a bias toward a Th2 response (34, 44, 112) and increased
IL-17 levels (44). Moreover, the increased susceptibility of
STAT1-deficient mice to virus infection is not universal (39, 95),
demonstrating that the effects of STAT1 deficiency depend on the
nature of the virus and its interaction with the host.

Our results showed that the effects of STAT1 deficiency in
LCMV infection were detrimental and distinct from those of ei-
ther IFN-I, IFN-II, or combined IFN-I and IFN-II signaling defi-
ciency. The survival of IRF9 KO and STAT2 KO mice, as well as
IRF9 KO � IFNGR KO mice, following infection with LCMV is
concordant with previous observations reported for IFNAR-defi-
cient mice (74, 83) and IFNAR � IFNGR double-deficient mice
(100). Significantly, IFN-� signaling is not only largely dispens-
able in the host response to LCMV (14, 80), but as we have shown

FIG 6 Upregulation of various proinflammatory and counterinflammatory cytokine genes in the livers of LCMV-infected WT and STAT1 KO mice. (A to J)
Results of densitometric quantification of RPA autoradiographs. The values were normalized to the housekeeping gene L32 and are shown as means and SEM.
*, P 	 0.05; ** and ##, P 	 0.01; *** and ###, P 	 0.001 compared with the uninfected control of the same genotype (*) or WT mice (#) as determined by one-way
analysis of variance (ANOVA).
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here, is also not essential for the development of lethal disease in
infected STAT1 KO mice.

Although IRF9 KO and STAT2 KO mice survived infection
with LCMV, infection in these IFN-I signaling-deficient animals
was not totally innocuous. Thus, like STAT1 KO mice, STAT2-
and IRF9-deficient mice had signs of disease with marked weight
loss that in IRF9 KO mice coincided with the increased tissue
expression of many proinflammatory cytokine genes. This sug-
gests that IFN-I signaling in the early stages of LCMV infection
plays a major role in dampening the innate immune response.
Consistent with this role in moderating innate immunity to
LCMV infection, IFN-Is are known to be produced within 1 to 2
days following infection (25, 62, 65, 70, 71, 108) and are critical for
the early antiviral response (23, 64, 100, 104).

Despite virus dissemination and the enhanced innate immune
response in infected STAT2-, IRF9-, and STAT1-deficient mice,
only STAT1-deficient animals exhibited lethality. In contrast to
IRF9 KO mice, STAT1 KO mice developed a destructive and lethal
immune response, demonstrating that STAT1 has a unique and
critical role in preventing the emergence of a lethal immune re-
sponse. This response to LCMV infection in STAT1 KO mice was
characterized by florid leukocyte infiltrates in several organs and a
“spillover” of several chemokines and cytokines into the serum.
The distinctiveness of the immune response in STAT1 KO mice
compared with IRF9 KO mice is further evident from the qualita-
tive differences in cytokine expression. To what extent these qual-
itative differences in cytokine expression might contribute to the
death or survival of STAT1 KO and IRF9 KO mice, respectively,
remains to be elucidated. Notably, the leukocyte infiltrates in the

FIG 7 Several cytokines are increased significantly in the sera of infected
STAT1 KO mice. In WT mice, a multiplex assay showed small to moderate but
significant changes for CCL4, CCL2, and IL-2 levels at day 3 postinfection (A)
and for G-CSF, CCL2, IL-5, IL-12, and CXCL1 levels at day 6 postinfection (B).
In contrast, at day 3 postinfection (C), the sera of STAT1 KO mice contained
significantly higher levels of CCL4, G-CSF, IL-6, CCL2, IL-10, IL-5, IFN-�, and
IL-12 p70 than those of sham-infected controls. (D) At day 6 postinfection,
CCL4, G-CSF, IL-6, CCL2, IL-10, IL-5, IL-3, IL-9, and IL-2 were significantly
elevated in the sera of LCMV-infected STAT1 KO mice compared with sham-
infected mice. In STAT1 KO mice, CXCL1 levels were significantly lower at day
6 postinfection than in the sham-infected controls. *, P 	 0.05; **, P 	 0.01
compared with the uninfected control as determined by one-way ANOVA.

TABLE 1 Levels of cytokines and chemokines in the sera of infected WT and STAT1 KO mice

Cytokine or
chemokine

Level (pg/ml) �SEM (fold change)a

WT STAT1 KO

0b 3 6 0 3 6

IL–1� 17 � 1.0 12 � 1.3 (
1.4) 15 � 0.6 (
1.2) 15 � 0.9 17 � 1.2 (1.5) 16 � 1.1 (0.6)
IL–1� 56 � 9.6 37 � 1.3 (
0.7) 39 � 1.9 (
1.4) 35 � 5.9 46 � 2.6 (1.3) 40 � 0.9 (1.1)
IL–2 3.3 � 0.7 1.1 � 0.3 (
2.9) 1.7 � 0.1 (
2.0) 1.6 � 0.1 2.4 � 0.1 (1.4) 13.2 � 2.3 (8.1)
IL–3 1.6 � 0.2 1 � 0.1 (
1.5) 1 � 0.1 (
1.5) 0.8 � 0.2 1.4 � 0.2 (1.8) 1.8 � 0.2 (2.4)
IL–4 2.9 � 0.3 1.5 � 0.1 (
1.9) 1.9 � 0.2 (
1.5) 1.8 � 0.1 2.8 � 0.2 (1.6) 3.3 � 0.3 (1.87)
IL–5 7.0 � 0.4 5.9 � 0.4 (
1.2) 28 � 2.3 (4.0) 7.25 � 0.8 37 � 1.5 (5.1) 65 � 7.6 (9.0)
IL–6 8.7 � 2.0 5.7 � 0.2 (
1.5) 8.9 � 1.8 (1.0) 5.8 � 1.6 127 � 18.0 (21.9) 191 � 24.1 (32.9)
IL–9 21 � 4.5 14 � 0.7 (
1.5) 13 � 1.7 (
1.6) 13 � 1.3 23 � 1.0 (1.8) 32 � 5.6 (2.5)
IL–10 28 � 2.7 49 � 6.0 (1.8) 27 � 3.8 (
1.0) 16 � 2.6 104 � 7.7 (6.4) 70 � 6.9 (4.3)
IL–12p40 47 �2.2 73 � 3.7 (1.6) 72 � 5.0 (1.5) 33 � 2.1 59 � 9.2 (1.8) 55 � 7.0 (1.7)
IL–12p70 21 � 2.7 12 � 4.0 (
1.8) 3.8 � 1.3 (
5.7) 12 � 3.5 26 � 2.1 (2.2) 18 � 1.8 (1.4)
IL–13 42 � 4.3 24 � 3.0 (
1.8) 28 � 2.2 (
1.5) 26 � 4.6 48 � 4.9 (1.8) 29 � 3.2 (1.1)
IL–17 19 � 2.1 11 � 0.9 (
1.8) 12 � 0.8 (
1.7) 13 � 2.6 8 � 1.6 (
1.7) 9 � 0.9 (
1.4)
CCL11 294 � 9.3 177 � 11.3 (
1.7) 265 � 9.4 (
1.1) 184 � 12.4 340 � 28.5 (1.9) 195 � 21.6 (1.1)
G–CSF 9.6 � 0.4 18 � 2.2 (1.9) 81 � 5.4 (8.4) 11 � 1.7 432 � 66.9 (40.3) 195 � 28.8 (18)
GMc–CSF 30 � 1.8 23 � 1.5 (
1.3) 31 � 1.0 (1.0) 26 � 1.6 37 � 1.9 (1.4) 35 � 1.2 (1.3)
IFN–� 68 � 7.8 40 � 3.8 (
1.7) 60 � 1.9 (
1.1) 41 � 6.2 184 � 25 (4.5) 71 � 10.1 (1.7)
CXCL1 22 � 0.9 32 � 3.1 (1.5) 74 � 4.6 (3.3) 27 � 3.0 22 � 0.7 (
1.3) 11 � 1.3 (
2.6)
CCL2 79 � 10.5 163 � 20.2 (2.1) 160 � 13.0 (2.0) 52 � 5.5 738 � 101.5 (14.3) 109 � 6.5 (2.1)
CCL3 113 � 6.8 87 � 4.9 (
1.3) 102 � 2.9 (
1.1) 107 � 14.9 124 � 4.5 (1.2) 125 � 5.6 (1.2)
CCL4 13 � 2.3 26 � 2.1 (2.0) 15 � 1.0 (1.2) 6.0 � 1.2 279 � 23.4 (46.6) 52 � 6.4 (8.7)
CCL5 85 � 5.2 77 � 1.9 (
1.1) 91 � 3.8 (1.1) 73 � 4.3 139 � 4.7 (1.9) 139 � 4.3 (1.9)
TNF 129 � 21 73 � 5.3 (
1.8) 85 � 2.4 (
1.5) 119 � 8.9 134 � 19.7 (1.1) 76 � 11.6 (
1.6)
a Significant changes compared with uninfected mice are underlined.
b Day postinfection.
c GM, granulocyte-macrophage.
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STAT1 KO mice contained significant numbers of PMNs and
monocytes/macrophages. In preliminary studies, we have found
that antibody-mediated depletion of neutrophils had no effect on
the outcome of disease in STAT1 KO mice (I. L. Campbell and
M. J. Hofer, unpublished observation), arguing against a domi-
nant role for these innate immune cells in the lethal disease.

The apparent lack of a central contribution by innate immune
cells to lethal disease in LCMV-infected STAT1 KO mice sug-
gested possible involvement of the adaptive immune response.
Consistent with a role for the adaptive immune response, a high
number of CD4� and CD8� T cells were present in the inflamma-
tory infiltrates. As noted above, in WT mice, CD8� T cells have a
critical role in virus clearance or mediating LCM following i.p. or
i.c. infection, respectively. Although we found anti-LCMV-spe-

cific CD8� T cells were present, these cells were not essential for
development of the lethal disease in infected STAT1 KO mice. In
fact, the inability of the STAT1-, STAT2-, and IRF9-deficient mice
to clear LCMV and the failure of STAT2 and IRF9-deficient mice
infected intracranially with LCMV to develop LCM fits well with
the reported reduced CTL activity and limited expansion of CD8�

T cells in IFNAR-deficient mice (3, 74). The basis for such a defect
in the antiviral CD8� T-cell response is currently unknown. In-
fection of mice with LCMV clone 13 causes functional exhaustion
of CD8� T cells mediated by coinhibitory T-cell receptors, such as
PD-1 and LAG3 (13, 18) or the cytokine IL-10 (35), resulting in
viral persistence. It is reasonable to suggest that similar mecha-
nisms may contribute to functional exhaustion of T cells in IFN
signaling-deficient mice, but this remains to be determined. How-

FIG 8 Increased percentages of virus-specific CD4� and CD8� T cells in LCMV-infected STAT1 KO mice. (A and D) Representative FACS results from lymph
node cells stained with CD3, CD4, and control MHC class II tetramer showed no difference between WT and STAT1 KO mice sham injected or infected with
LCMV. (B and D) There was no significant increase in CD4� T cells from infected WT mice compared with uninfected WT mice that recognized LCMV GP 66-77
MHC class II. In contrast, significantly more CD4� T cells from infected STAT1 KO mice than from uninfected STAT1 KO mice bound the LCMV GP66-77
MHC class II tetramer. (C and D) Similarly, significantly more CD8� T cells from infected STAT1 KO mice bound the LCMV GP33-41 MHC class I than
uninfected mice, whereas there was no difference between infected and uninfected WT mice. *, P 	 0.05 as determined using the one-tailed Mann-Whitney U
test.
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FIG 9 CD4� T cells are required for lethal disease in LCMV-infected STAT1 KO mice. (A) Compared with Ig-treated controls (left), mice administered
neutralizing monoclonal antibodies against CD8 (middle) or CD4 (right) showed less than 0.5% remaining CD8� and CD4� cells, respectively. Depletion of
CD4� T cells had no impact on the survival of WT mice infected i.p. or i.c. with LCMV (B and D) but prevented lethal disease in STAT1 KO mice independent
of the route of infection (C and E). In contrast, depletion of CD8� T cells rescued WT mice infected i.c. with LCMV (D) but did not alter the clinical course of
WT mice infected i.p (B) or of STAT1 KO mice infected i.c. (E) with LCMV. (C) Depletion of CD8� T cells significantly (**, P 	 0.05) increased the survival time
of STAT1 KO mice infected i.p. with LCMV but did not prevent lethal disease. Prominent mononuclear infiltrates and tissue destruction were evident in the livers
(F), kidneys (G), and lungs (H) of STAT1 KO mice infected i.p. with LCMV. In contrast, in similarly infected STAT1 KO mice that were depleted of CD4� T cells,
the livers (I), kidneys (J), and lungs (K) showed only minor mononuclear infiltrates and no obvious organ destruction.
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ever, the absence of significantly increased tissue IL-10 mRNA
levels in LCMV-infected IRF9 KO mice argues against a role for
IL-10 in the ineffective immune response in these animals.

Significantly, our results clearly demonstrated that CD4� T
cells were essential mediators of lethality in the LCMV-infected
STAT1-deficient mice. This contrasts with the situation in WT
mice, where CD4� T cells are dispensable for virus clearance fol-
lowing peripheral infection with LCMV-Arm (1, 66, 87) or devel-
opment of lethal LCM (58). Notably, however, these cells are re-
quired for maintaining CTL activity and ultimately elimination of
virus in mice infected chronically with LCMV clone 13 (66). Fur-
thermore, in LCMV-infected �2-microglobulin-deficient mice,
CD4� T cells are the principal effector cells that mediate wasting
(32, 51). Interestingly, CD4� T cells were not required for the
weight loss and sickness behavior in the LCMV-infected STAT1
KO mice. Together, these findings indicate that, depending on the
setting, the role of CD4� T cells in the infection of mice with
LCMV varies.

The reason for the expansion of pathogenic LCMV-specific
CD4� T cells in STAT1 KO mice infected with LCMV is unclear,
but it is unlikely to be the consequence of an incapacitated CD8�

T-cell response or defective IFN-I signaling per se, since IRF9- and
STAT2-deficient mice did not develop a destructive immune re-
sponse. In recent years, regulatory T cells have been identified as
being important in preventing the development of pathogenic
CD4� T-cell responses (reviewed in reference 60), and failure to
generate these cells could account for the destructive T-cell re-
sponse. However, the role of STAT1 in the development of regu-
latory T cells is unclear. While some studies reported that STAT1
is required for the effective generation of these cells (78, 81), oth-
ers showed that STAT1 deficiency promoted (21, 22, 63, 101) or
had no impact on (49, 76) the development of CD4� regulatory T
cells, and the role of regulatory T cells in the context of LCMV
infection remains to be clarified.

The phenotype of the effector CD4� T cells in our study also
remains unresolved and is the subject of ongoing studies. Previous
studies on RSV and severe acute respiratory syndrome (SARS)
coronavirus reported a switch from a Th1 to a Th2 CD4� T-cell
response in the absence of STAT1 (34, 44, 112). Notably, the pre-
ponderance of granulocytes in the infiltrates of LCMV-infected
STAT1 KO mice suggested that a similar mechanism may be in-
volved. However, the tissue cytokine gene expression profiles did
not reveal significant changes in the expression of classical Th2
cytokine genes. On the other hand, in several autoimmune disease
models, STAT1 deficiency skewed the CD4� T-cell differentiation
toward a Th17 response (6, 16, 76, 103). Whether such skewing
occurs in virus-infected STAT1 KO mice has not been reported. In
the present study, tissue IL-17 mRNA levels were increased in both
STAT1 and IRF9 KO mice infected with LCMV, suggesting that
activation of the CD4� Th17 lineage might occur as a more gen-
eral response to the absence of IFN-I signaling.

In summary, our findings show that the canonical IFN-I sig-
naling molecules STAT1, STAT2, and IRF9 are fundamental in the
host response against LCMV. First, all three signaling factors are
essential in limiting initial viral replication and spread, reflecting
the well-established key role of canonical IFN-I signaling in anti-
viral defense. Second, all three signaling factors are involved in
regulating the intensity of the early innate immune response to
viral infection. Absence of each factor alone leads to an enhanced
innate response, highlighting a more general contribution of

IFN-I signaling to the regulation of the innate immune response
triggered by LCMV infection. However, qualitative differences in
the cytokine gene expression profile suggest there are different
roles for these IFN-I signaling molecules in the regulation of the
innate host response to LCMV. Third, the development of CD4�

T-cell-dependent lethal disease in LCMV-infected STAT1 mice,
but not in IRF9 or STAT2 KO mice, points to a unique role for
STAT1 in the regulation of the adaptive immune response to
LCMV. Together, our findings highlight the complexity of IFN-I
signaling in the regulation of innate and adaptive antiviral immu-
nity and further demonstrate the potent and divergent biological
effects of noncanonical IFN signaling pathways.
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