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ABSTRACT

Following systemic infection with lymphocytic choriomeningitis virus (LCMV), STAT1 knockout (KO) mice but not wild-type,
STAT2 KO, IRF9 KO, or IFNAR KO mice develop lethal disease perpetrated by CD4� T cells. IRF7 is a key transcriptional activa-
tor of type I IFN (IFN-I) during LCMV infection. Here, the role of IRF7 in the lethal host response to LCMV infection in STAT1
KO mice was examined. In contrast to STAT1 KO mice, STAT1/IRF7 double KO (DKO) mice survived LCMV infection with a
reduced immune pathology in key organs, such as the liver and spleen. However, similar to STAT1 KO mice, STAT1/IRF7 DKO
mice failed to control LCMV replication and spread. LCMV infection in STAT1 KO mice was associated with a significant eleva-
tion in the levels of a number of cytokines in serum, including IFN-Is, but this was largely absent in STAT1/IRF7 DKO mice,
which had a modest increase in the levels of gamma interferon and CCL2 only. Since IRF7 is known to be a key transcriptional
regulator of IFN-I gene expression, the possible role of IFN-I in lethal disease was examined further. STAT1/IFNAR DKO mice,
in contrast to STAT1 KO mice, all survived infection with LCMV and exhibited little tissue immune pathology. Additionally,
STAT1 KO mice that were deficient for either of the two IFN-I signaling molecules, STAT2 or IRF9, also survived LCMV infec-
tion. We conclude that the lethal immune-mediated disease resulting from LCMV infection in STAT1 KO mice is (i) dependent
on IRF7-induced IFN-I production and (ii) driven by noncanonical IFN-I signaling via STAT2 and IRF9.

IMPORTANCE

Here we report on the basis for the novel, fatal immune-mediated disease of STAT1 KO mice infected with LCMV. Our findings
show that, surprisingly, the pathogenesis of this disease is dependent on IRF7-mediated type I interferon production. Moreover,
our study identifies noncanonical type I interferon signaling via STAT2 and IRF9 to be essential for the type I IFN-driven fatal
disease in LCMV-infected STAT1 KO mice. These results further highlight the significance of noncanonical type I IFN signaling
in the pathogenesis of host-mediated injury following viral infection.

Interferons (IFNs) are a family of cytokines that are important in
host defense against viral infections, regulating both innate and

adaptive antiviral immune responses (reviewed in references 1
and 2). This family consists of the type I IFNs (IFN-Is), which
include alpha IFN (IFN-�) and IFN-�; the type II IFN (IFN-II)
with a single member, IFN-�; and the type III IFNs (IFN-IIIs),
which consist of IFN-�s. The IFN-Is bind to a common heterodi-
meric cell surface receptor, termed IFNAR, that triggers the Janus
kinase-mediated phosphorylation of the signal transducer and
activator of transcription 1 (STAT1) and STAT2. These phos-
phorylated STATs form a trimolecular complex with interferon
regulatory factor 9 (IRF9). This complex, termed interferon-stim-
ulated gene factor 3 (ISGF3), binds to interferon-stimulated re-
sponse elements (ISREs) to regulate the transcription of IFN-I-
regulated genes. The IFN-IIIs bind to a distinct heterodimeric
receptor (interleukin-28 receptor � [IL-28R�]/IL-10R�) but,
similar to IFN-Is, signal predominantly through the ISGF3 com-
plex. In contrast, binding of IFN-� to its unique receptor, IFNGR,
results in the phosphorylation of STAT1 and the formation of
STAT1 homodimers that recognize gamma-activated sequences
(GASs) present in the promoter regions of IFN-II-regulated genes.

Interferon regulatory factor 7 (IRF7) is a member of a family of
transcription factors containing nine members (IRF1 to IRF9)
(reviewed in reference 3). Among the IRFs, IRF3 and IRF7 are
crucial in the host response to virus infection, inducing the tran-

scription of the IFN-I genes, including the IFN-� gene as well as a
number of IFN-� genes (4–6). Host cell detection of viral infec-
tion is dependent on a variety of pattern recognition receptors
(PRRs) that recognize pathogen-associated molecular patterns
(PAMPs) presented by microbial proteins or nucleic acids (re-
viewed in references 7 and 8). Recognition of virus-derived single-
stranded RNA (ssRNA) or double-stranded RNA by endosomal
Toll-like receptor 3 (TLR3), TLR7, TLR8, and TLR9 or the cyto-
plasmic retinoic acid-inducible gene I (RIG-I)-like receptors
(RLRs) melanoma differentiation-associated gene 5 (MDA5) and
RIG-I results in the activation of IRF3 and/or IRF7, which then
activates the production of IFN-Is. The production of IFN-Is oc-
curs as a multiphasic response in which IFN-� and IFN-�4 are
initially produced via an IRF3-dependent pathway (4, 5). These
bind to the IFN-I receptor (IFNAR) to activate a subset of IFN-
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stimulated genes (ISGs), including the IRF7 gene. The increase in
IRF7 leads to further IFN-�/� production and subsequent tran-
scription of a large set of interferon-stimulated genes that interfere
with various steps in the virus replication cycle, inhibiting infec-
tion and viral spread (reviewed in references 9 and 10). In addition
to its antiviral effects, IFN-Is are also important for the differen-
tiation and maturation of antigen-presenting cells (APCs) and the
activation of T and B cells and also promote the development and
survival of the CD8� cytotoxic T cells (CTLs) (for reviews, see
references 11 and 12).

Lymphocytic choriomeningitis virus (LCMV) is a bisegmented
ssRNA virus belonging to the Arenaviridae and is considered an
emerging human pathogen (13). Human transmission has been
shown to occur in utero, upon transplantation with infected or-
gans, or upon contact with infected laboratory and wild animals.
LCMV infection of adults can lead to the development of fever,
malaise, headaches, seizures, and, in some cases, fatal meningitis.
LCMV infection in its natural host, the mouse, is a model widely
studied for the analysis of virus-host interactions (reviewed in
references 14 and 15). In adult wild-type (WT) mice, peripheral
infection with LCMV Armstrong (LCMV-Arm) has little clinical
impact, with CD8� T cell-mediated clearance of the virus occur-
ring by 10 to 12 days postinfection. In contrast, intracranial (i.c.)
infection of WT mice with LCMV-Arm results in a lethal neuro-
logical disease (termed LCM) with characteristic seizures and
mononuclear cell infiltrates in the meninges, ependyma, and cho-
roid plexus. LCMV-specific CD8� T cells produce cytokines and
chemokines that mediate extravasation of myelomonocytic cells,
including neutrophils and monocytes, which leads to vascular
leakage and acute lethality (16). LCMV itself is a relatively noncy-
topathic virus, as exemplified by the fact that either peripheral or
i.c. inoculation of LCMV-Arm in T cell-deficient RAG or SCID
mice results in persistent infection without untoward physical ef-
fects (14, 15). It was therefore surprising to find that LCMV infec-
tion in STAT1 knockout (KO) mice was lethal, whereas similarly
infected STAT2 KO, IRF9 KO, IFNGR KO, or STAT1/IFNGR
double KO (DKO) mice survived (17). The lethal disease in
LCMV-infected STAT1 KO mice is associated with a generalized
immune pathology affecting all organs as well as excessive serum
levels of a number of proinflammatory cytokines, suggesting that
death is due to a destructive antiviral immune process. However,
depletion of CD4� T cells rather than CD8� T cells protected
STAT1 KO mice from lethal disease following LCMV infection.

IFN-Is have a crucial role in the control of LCMV replication
and spread. Mice deficient for the IFNAR have enhanced LCMV
replication and develop persistent infection following intraperito-
neal (i.p.) infection (18, 19). Furthermore, IFNAR-deficient mice
(19), mice lacking the IFN-I signaling molecule STAT2 or IRF9
(17), or mice treated with anti-IFN-�/� serum (20) do not de-
velop LCM after i.c. infection with LCMV. Details of the molecu-
lar pathway(s) leading to IFN-I induction during LCMV infection
have begun to emerge in recent years. Thus, the induction of
IFN-Is following LCMV infection is mediated via TLR7/9 or RIG-
I/MDA5 (21, 22) and is dependent on IRF7, but not IRF3 (23).
While IRF3 is dispensable for the induction of IFN-I during
LCMV infection (24), IRF7 is obligatorily required for the pro-
duction of IFN-� but is only partially required for the production
of IFN-� (24–26). Consistent with this role of IRF7, IRF7 KO mice
are defective in the initial control of LCMV infection and spread

but not the subsequent generation of CD8� antiviral T cells that
promote the clearance of infection (25–27).

In previous work we have shown that the expression of the
IRF7 gene is highly upregulated during LCMV infection in mice
(28). This IRF7 response to LCMV infection is dependent on IFN-
Is, indicating that mutual stimulation of IRF7 and IFN-Is is re-
quired for effective antiviral responses. Importantly, the upregu-
lation of IRF7 gene expression during LCMV infection was also
observed in the absence of STAT1 but not in the absence of
STAT2, suggesting that IRF7 may have a central role in driving the
excessive IFN-I production seen in LCMV-infected STAT1 KO
mice (29). The aim of this study was 2-fold. First, we sought to
determine the role of IRF7 in the regulation of IFN-Is and the
development of the lethal host response to LCMV infection in
STAT1 KO mice. Second, we wished to elucidate the contribution
of IFN-I signaling to the lethal phenotype in LCMV-infected
STAT1 KO mice.

MATERIALS AND METHODS
Animals. STAT1 KO mice (30) were originally provided by Joan Durbin,
Nationwide Children’s Hospital, Columbus, OH. STAT2 KO mice (31)
were provided by Christian Schindler, Columbia University, New York,
NY. The IRF7 KO (32) and IRF9 KO (33) mice were obtained from Riken
Bioresource Center, Japan. IFNAR KO mice (18) were kindly provided by
Michael Frese, Australian National University, Australian Capital Terri-
tory, Australia. STAT1 KO double gene-deficient mice with IRF7 KO,
STAT2 KO, IRF9 KO, or IFNAR KO were produced by interbreeding, and
all genotypes were verified by PCR analysis of tail DNA. All mice used were
of the C57BL/6 background and maintained under pathogen-free condi-
tions in the animal facility of the School of Molecular Bioscience, Univer-
sity of Sydney. Ethical approval for the use of all mice in this study was
obtained from the University of Sydney Animal Care and Ethics Commit-
tee.

LCMV infection. All mice were aged between 8 and 16 weeks at the
time of infection. i.p. infection was performed by injecting 500 PFU of
LCMV diluted in 200 �l of phosphate-buffered saline (PBS) with 1% fetal
bovine serum (FBS). Sham-infected mice were used as controls and re-
ceived the same volume of PBS with 1% FBS but without virus. Mice were
weighed at the times indicated below, and percent weight change was
calculated.

Tissue collection and routine histology. To determine pathological
changes, mice were euthanized at the times indicated below, and the or-
gans (liver, kidney, and spleen) were removed and fixed overnight in
ice-cold 4% paraformaldehyde in PBS (pH 7.4). Following paraffin em-
bedding, tissue sections (5 �m) were prepared and stained with hematox-
ylin-eosin (H&E). Stained sections were examined under a DM4000B
bright-field microscope (Leica, Wetzlar, Germany), and images were cap-
tured using a Spot Flex camera and Spot (v4.5) software (Diagnostic In-
struments).

Multiplex assay for cytokines. For serum levels of cytokines, mice
were anesthetized at the times postinfection indicated below, and blood
was collected by cardiac puncture. Blood was clotted at room temperature
for 30 min before centrifugation at 1,000 � g for 10 min at 4°C. The serum
was removed and stored at 	80°C. To determine cytokine levels in serum,
a Q-plex array kit (Quansys Biosciences, Logan, UT) for 16 cytokines was
used according to the manufacturer’s instruction. For each well, 50 �l of
serum obtained as described above was used. The plate was scanned with
an Odyssey infrared imaging system (LI-COR Biosciences, Lincoln, NE)
and analyzed using Q-View software (Quansys Biosciences).

Analysis of serum IFN-I levels. Serum was collected as described
above. Commercially available enzyme-linked immunosorbent assay
(ELISA) kits were used to measure the levels of IFN-� (PBL Biomedical
Laboratories, NJ) and IFN-� (MyBioSource, CA) according to the man-
ufacturers’ instructions.
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RPA. Total RNA was isolated from snap-frozen tissue using the TRI
Reagent (Sigma-Aldrich, Castle Hill, Australia) according to the manu-
facturer’s instructions. An RNase protection assay (RPA) was performed
using IFN-�, IFN-�, or LCMV nucleoprotein (NP) riboprobes as de-
scribed previously (20, 34).

LCMV plaque assay. Vero cells (6 � 105 cells/well) were plated over-
night into six-well plates. Tissues were weighed and homogenized in 1 ml
ice-cold PBS. Serial dilutions were made with PBS. The medium was re-
moved 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% carboxymethyl cellulose (Sigma-
Aldrich) mixed 1:1 with 2� Dulbecco modified Eagle medium containing
10% FBS was layered on top of the cells. 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 in 20% (vol/vol) ethanol for 30 min, rinsed
again with H2O, and air dried. The plaques in each well were counted, and
the number of PFU per g tissue was calculated.

Statistics analysis. Data for survival outcome were analyzed by the
log-rank test. Other data were evaluated using the two-tailed Mann-Whit-
ney U test. Results are shown as means 
 standard errors of the means
(SEMs). P values of �0.05 were considered significant.

RESULTS
The absence of IRF7 protects STAT1 KO mice from lethal LCMV
infection. In order to investigate the requirement for IRF7 in the

development of lethal disease in STAT1 KO mice following LCMV
infection, STAT1/IRF7 DKO mice were generated. STAT1/IRF7
DKO mice were healthy and fertile. Following i.p. inoculation of
LCMV, WT and IRF7 KO mice developed mild clinical signs with
rough fur and reduced activity from day 5 to day 10 but then
recovered (Fig. 1A). WT and IRF7 KO mice did not show a signif-
icant loss in body weight (Fig. 1B). Consistent with previous find-
ings in our lab (17), LCMV-infected STAT1 KO mice developed a
lethal wasting disease and in accordance with animal welfare re-
quirements were euthanized between days 8 and 10 (Fig. 1A). The
disease in the STAT1 KO mice was accompanied by a progressive
body weight loss from day 4 postinfection that reached greater
than 15% weight loss at the time of euthanasia. In contrast,
STAT1/IRF7 DKO mice survived (Fig. 1A) but developed some
clinical signs, such as hunched back, rough fur, and reduced ac-
tivity. Notably, the STAT1/IRF7 DKO mice also developed a sig-
nificant weight loss from day 7 postinfection, losing up to 15% of
their initial body weight (Fig. 1B). The weight loss was sustained
and not recovered by day 35 postinfection. In summary, these
findings indicate that IRF7 is required for lethal disease following
LCMV infection in STAT1 KO mice.

Reduced severity of tissue inflammation and destruction in
STAT1 KO mice lacking IRF7. A hallmark in the lethal wasting
disease of LCMV-infected STAT1 KO mice is a significant gener-

FIG 1 IRF7 deficiency protects STAT1 KO mice from the development of lethal disease and tissue destruction. WT (n � 8), IRF7 KO (n � 8), STAT1 KO (n �
10), and STAT1/IRF7 DKO (n � 8) mice were infected i.p. with 500 PFU of LCMV, as described in Materials and Methods. (A) Survival outcome. PI,
postinfection. For significance (log-rank test): ***, P � 0.001 compared with WT mice. (B) Weight change. The weight of 5 mice for each genotype was monitored
for the times shown. The percent weight change was calculated as described in Materials and Methods. Data are shown as means 
 SEMs. For significance
(Mann-Whitney U test): ˆ, P � 0.05 for STAT1 KO mice compared with WT mice; #, P � 0.05 for IRF7 KO mice compared with WT mice; *, P � 0.05 for
STAT1/IRF7 DKO mice compared with WT mice. Representative histological sections from spleens (C to F) and livers (G to J) removed at day 7 postinfection
from WT (n � 3), STAT1 KO (n � 3), IRF7 KO (n � 3), and STAT1/IRF7 DKO (n � 3) mice were processed, and sections were stained with H&E as described
in Materials and Methods. Tissue sections from the livers of STAT1 KO, IRF7 KO, and STAT1/IRF7 DKO mice showed the presence of leukocytes (arrows).
Magnifications: �50 (C to F) and �200 (G to J).
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alized tissue pathology affecting several organs, including the
liver, which is associated with leukocyte infiltration and tissue
destruction (17). In these animals, there is also the gross loss of
splenic architecture. To determine whether IRF7 deficiency pro-
tected STAT1 KO mice from this immune pathology, histological
examination was performed on the spleens and livers of WT,
STAT1 KO, IRF7 KO, and STAT1/IRF7 DKO mice (Fig. 1C to J).
Uninfected mice deficient for STAT1, IRF7, or both showed no
differences in tissue pathology compared with uninfected WT
mice (data not shown). Similarly, at day 7 postinfection the
spleens (Fig. 1C) and livers (Fig. 1G) from WT mice showed no
overt pathological changes compared with the spleens and livers
from uninfected mice (data not shown). Compared with the
spleens of infected WT mice, the spleens of infected STAT1 KO
mice showed a complete loss of the follicles and germinal centers
(Fig. 1D), while the spleens of infected IRF7 KO mice (Fig. 1E)
showed a relatively normal splenic architecture. Although the dis-
ruption was not as severe as that in STAT1 KO mice, the splenic
organization was also disrupted in LCMV-infected STAT1/IRF7
DKO mice, in which some rudimentary follicles remained but
were disrupted (Fig. 1F). In contrast, infected WT mice showed
little evidence of leukocyte infiltration into the liver (data not

shown), but large numbers of leukocytes were present in the livers
of infected STAT1 KO mice (Fig. 1H, arrows), IRF7 KO mice (Fig.
1I, arrows), and STAT1/IRF7 DKO mice (Fig. 1J, arrows). How-
ever, the magnitude of the leukocyte infiltration was considerably
less in the livers of IRF7 KO and STAT1/IRF7 DKO mice than
those of STAT1 KO mice. Furthermore, the livers of infected
STAT1 KO mice showed more severe tissue disruption and de-
struction than those of infected IRF7 and STAT1/IRF7 DKO mice.
In summary, these findings show that the survival of LCMV-in-
fected STAT1 KO mice that lacked IRF7 is associated with a re-
duction in the severity of tissue immune pathology and destruc-
tion.

Control of LCMV infection depends crucially on STAT1. We
next compared the role of STAT1 and IRF7 in the initial control of
LCMV replication and spread. In order to monitor the levels of
LCMV NP RNA in infected mice, RPA was performed on RNA
extracted from the livers, kidneys, and spleens of WT, STAT1 KO,
IRF7 KO, and STAT1/IRF7 DKO mice (Fig. 2A and B). LCMV NP
RNA was not detected in the livers of WT mice but was present at
low levels in the kidneys of these animals on day 6 postinfection. In
the spleens of WT mice, the viral RNA was present at a low level on
day 3 and was undetectable by day 6 postinfection (Fig. 2A and B).

FIG 2 The absence of IRF7 or STAT1 results in impaired control of virus replication and spread following infection with LCMV. (A) Autoradiograph showing
LCMV NP RNA levels in the livers, kidneys, and spleens of WT, IRF7 KO, STAT1 KO, and STAT1/IRF7 DKO mice infected i.p. with LCMV, as described in
Materials and Methods. Total RNA (10 �g) was analyzed by RPA, as described in Materials and Methods. (B) Quantification of the autoradiographs was
performed by densitometry. Values were normalized to the value for the housekeeping gene L32 and are shown as means 
 SEMs. For significance (Mann-
Whitney U test): *, P � 0.05 compared with uninfected mice; ˆ, P � 0.05 compared with WT mice at the respective time points; x, P � 0.05 compared with IRF7
KO mice at the respective time points. (C) Plaque assays were performed on tissue lysates from livers and spleens removed at different times from WT, STAT1
KO, IRF7 KO, and STAT1/IRF7 KO mice following i.p. infection with 500 PFU of LCMV. Each symbol represents an individual mouse, with the mean shown as
a bar. For significance (Mann-Whitney U test): *, P � 0.05 compared with uninfected mice; ˆ, P � 0.05 compared with WT mice at the respective time points;
x, P � 0.05 compared with IRF7 KO mice at the respective time points.
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In IRF7 KO mice, consistent with our previous finding (25), viral
RNA was detectable in the liver, kidney, and spleen on day 3 and
the level increased significantly on day 6 postinfection, indicating
that IRF7 is important in controlling the initial spread of LCMV
(Fig. 2A and B). In contrast, compared with WT or IRF7 KO mice,
LCMV NP RNA was present at markedly higher levels (2-fold
higher) in the livers and kidneys of STAT1 KO and STAT1/IRF7
DKO mice on day 3 and day 6 postinfection (Fig. 2A and B). On
day 3 postinfection, the level of LCMV NP RNA was 2-fold higher
in the spleens of STAT1 KO and STAT1/IRF7 DKO mice than in
the spleens of WT and IRF7 KO mice, but viral RNA was present at
similar levels in the spleens of STAT1 KO, IRF7 KO, and STAT1/
IRF7 DKO mice on day 6 postinfection. These findings indicate
that in mice lacking STAT1 or both STAT1 and IRF7, there were
similar defects in the ability to control viral replication and spread.

Plaque assays were performed to determine if increased LCMV
NP RNA levels reflected increased infectious virus titers. Infec-
tious LCMV was not detected in the livers of WT mice but was
present at a low level in the spleens of WT mice at day 6 postin-
fection (Fig. 2C). Compared with infected WT mice, a high virus
titer was found in the livers and spleens of IRF7 KO mice at day 3
and day 6 postinfection. Furthermore, consistent with the RPA
results, the viral load in the livers of STAT1 KO and STAT1/IRF7
DKO mice was several-log-fold higher than that in the livers of
IRF7 KO mice (Fig. 2C). In contrast, virus levels in the spleen were
similar between STAT1-, IRF7-, and STAT1/IRF7-deficient mice.
In comparison with WT mice, the viral load in the spleen was 4 to
8 log units higher in mice that were deficient for STAT1, IRF7, or
both. Similar to the RPA results, the plaque assay showed that
there was a high level of viral burden in the livers of mice lacking
STAT1 or both STAT1 and IRF7 compared with viral burden in
the livers of WT and IRF7 KO mice following LCMV infection.
However, the plaque assay was unable to distinguish the differ-
ences in viral burden in the spleen between these mice. Taken
together, the results from the plaque assay and RPA indicated that
in the liver and kidney, STAT1 is dominant over IRF7 in the anti-
viral response.

Reduced cytokine production in LCMV-infected STAT1/
IRF7 DKO mice. Our previous findings showed that the levels of
several cytokines in serum are significantly higher in LCMV-in-
fected STAT1 KO mice than similarly infected WT mice at day 3
postinfection (17). In order to investigate whether IRF7 was
linked to the production of these cytokines, a Q-plex assay detect-
ing 16 cytokines in parallel was used to analyze serum samples
obtained from WT, STAT1 KO, IRF7 KO, or STAT1/IRF7 DKO
mice at days 0 and 3 postinfection. Some cytokines (CCL5, gran-
ulocyte-macrophage colony-stimulating factor, CCL2, IL-17,
IL-2, and IL-1�) were present at very low levels in uninfected WT
mice (Fig. 3A), while other cytokines (CCL3, tumor necrosis fac-
tor alpha, IFN-�, IL-12p70, IL-10, IL-6, IL-5, IL-4, IL-3, and IL-
1�) were undetectable (Fig. 3A). There were no significant differ-
ences in the basal levels of cytokines between WT mice and mice
that lacked STAT1, IRF7, or both (Fig. 3A to D). Following LCMV
infection, the level of CCL2 increased significantly at day 3 postin-
fection in WT mice, whereas the levels of the other cytokines
showed no significant changes (Fig. 3A), which is consistent with
the findings of our previous study (17). However, in infected
STAT1 KO mice (Fig. 3B), there was a significant increase in the
production of not only CCL2 but also CCL5, IFN-�, IL-6, and IL-5
compared with that in the uninfected controls and infected WT

mice. Furthermore, following LCMV infection, the level of CCL2
was also increased significantly in IRF7 KO mice, whereas the
levels of CCL5 and IFN-� were increased slightly but not signifi-
cantly (Fig. 3C). Similarly, the levels of these three cytokines were
increased in STAT1/IRF7 DKO mice after LCMV infection, but
only IFN-� and CCL2 showed a significant increase (Fig. 3D). In
contrast to infected STAT1 KO mice, in infected STAT1/IRF7
DKO mice, neither IL-6 nor IL-5 was increased significantly. In
addition, while the level of IFN-� was significantly increased in
infected STAT1/IRF7 DKO mice compared with infected WT and
IRF7 KO mice, it was significantly lower (4-fold) than that in
infected STAT1 KO mice. Therefore, these results indicate that in
LCMV-infected STAT1/IRF7 DKO mice, the systemic cytokine
response was, depending on the cytokine involved, either com-
pletely or partially ablated compared with that in similarly in-
fected STAT1 KO mice.

Increased production of IFN-Is and IFN-II in LCMV-in-
fected STAT1 KO mice is dependent on IRF7. In LCMV infec-
tion, the absence of STAT1 is associated with a higher level of
IFN-I and IFN-II production than that in WT mice (29). IRF7 is
essential for IFN-� production but not for IFN-� and IFN-� pro-
duction during LCMV infection, as recently reported by us (25).
The expression level of the IFN-� and IFN-� genes was deter-
mined in the liver and spleen of WT, STAT1 KO, IRF7 KO, and
STAT1/IRF7 DKO mice at days 0, 3, and 6 following i.p. infection
with LCMV (Fig. 4A and B). IFN-� mRNA was undetectable in
the livers and spleens of uninfected WT, STAT1 KO, IRF7 KO, and
STAT1/IRF7 DKO mice. Following LCMV infection in WT mice,
the level of IFN-� mRNA in the liver was below the detection level
of the assay at both day 3 and day 6 postinfection. In contrast, in
LCMV-infected STAT1 KO mice, the level of IFN-� mRNA was
increased significantly in the liver at day 3 and day 6 postinfection.
In IRF7 KO mice, the level of IFN-� mRNA in the liver was in-
creased significantly at day 6 only and the level of IFN-� mRNA
was similar to that in STAT1 KO mice on day 6 postinfection.
Furthermore, IFN-� mRNA was induced in the livers of infected
STAT1/IRF7 DKO mice at day 3, and the level further increased at
day 6. In the liver, the level of IFN-� mRNA was lower at day 3 but
significantly higher at day 6 postinfection in STAT1/IRF7 KO
mice than in STAT KO mice.

In contrast, in the spleens of LCMV-infected WT mice, the
level of IFN-� mRNA was increased significantly at day 3 and
deceased to a low level at day 6, whereas in the spleens of STAT1
KO mice, the expression of the IFN-� gene was increased to a
significantly higher level than that in WT mice on day 3, but it was
also reduced to a low level on day 6 postinfection. In the spleens of
IRF7 KO mice, IFN-� mRNA levels were comparable to those
observed in the spleens of WT mice and significantly lower than
those in the spleens of STAT1 KO mice on day 3 postinfection.
Moreover, in the spleens of STAT1/IRF7 DKO mice, IFN-�
mRNA was induced at a very low level on day 3 and sustained at a
similar level on day 6 postinfection. The level of IFN-� mRNA in
the spleens of STAT1/IRF7 DKO mice was significantly lower than
that in the spleens of infected STAT1 KO mice. It was also lower
than that in the spleens of WT and IRF7 KO mice, but this differ-
ence did not reach significance. In all, these findings indicate that
following infection with LCMV, expression of the IFN-� gene is
exaggerated in the absence of STAT1, a process which is depen-
dent on IRF7 in the spleen but not in the liver.

IFN-� mRNA was undetectable in the livers of uninfected mice
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independently of the genotype, but it was present at a low level in
the spleens of all mice (Fig. 4A and B). Following i.p. LCMV in-
fection, the IFN-� mRNA level increased in the livers of WT mice
on day 6. In contrast, in the livers of mice deficient for STAT1,
IRF7, or both, IFN-� gene expression was induced at day 3 and
was further increased on day 6 postinfection. In the spleens of
mice that lacked STAT1, IRF7, or both, IFN-� mRNA was present

at a significantly higher level (2-fold higher) than that in the
spleens of WT mice at these times postinfection. Furthermore,
IFN-� mRNA was significantly increased at days 3 and 6 in the
spleens of WT, STAT1 KO, IRF7 KO, and STAT1/IRF7 DKO mice
following LCMV infection. Of note, on day 3 postinfection, the
level of IFN-� mRNA was significantly higher (2-fold higher) in
STAT1 KO mice than WT, IRF7 KO, and STAT1/IRF7 DKO mice.

FIG 3 Serum cytokine levels in LCMV-infected mice in the presence and absence of STAT1 or IRF7. A Q-plex assay was performed to analyze the levels of 16
cytokines in sera from WT (A), STAT1 KO (B), IRF7 KO (C), and STAT1/IRF7 DKO (D) mice at day 3 following i.p. infection with 500 PFU, as described in
Materials and Methods. Uninfected mice of each genotype served as controls. Experiments were performed using 3 mice at each time point for each genotype and
experimental condition. Values are shown as means 
 SEMs. GM-CSF, granulocyte-macrophage colony-stimulating factor; TNF-�, tumor necrosis factor alpha.
For significance (Mann-Whitney U test): *, P � 0.05 compared with uninfected control mice; ˆ, P � 0.05 compared with infected WT mice; #, P � 0.05 compared
with infected STAT1 mice.
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Overall, these findings show that the induction of IFN-� mRNA in
the liver occurs earlier in the mice that are deficient for STAT1,
IRF7, or both and also that IRF7 deficiency in STAT1 KO mice is
associated with a reduced level of expression of IFN-� mRNA in
the spleen but has no effect in the liver.

To determine the level of systemic IFN-Is in WT, STAT1 KO,
IRF7 KO, and STAT1/IRF7 DKO mice during LCMV infection,

ELISAs for determination of IFN-� and IFN-� levels of in serum
were performed on days 2 and 3 postinfection (Fig. 4C). The level
of IFN-� was significantly increased in WT mice on day 2 postin-
fection and was sustained on day 3 postinfection. In contrast,
IFN-� production in STAT1 KO mice, which was only slightly
increased on day 2, increased markedly on day 3 postinfection to
levels that were significantly (1.5-fold) higher than those in WT
mice at the equivalent time postinfection. Furthermore, similar to
our previous results (25), IFN-� was not detectable in the sera of
mice deficient for IRF7 at either day 2 or day 3 following LCMV
infection and was also not detectable in the sera of STAT1/IRF7
DKO mice at these times postinfection.

In the sera of WT mice, IFN-� showed a profile similar to that
of IFN-�, with a sustained and significant increase at day 2 and day
3 postinfection (Fig. 4C). In contrast, the level of IFN-� in the sera
of STAT1 KO mice was increased only slightly on day 2 postinfec-
tion but, similar to the findings for IFN-�, was increased signifi-
cantly on day 3 postinfection to levels that were significantly
higher (7-fold) than those in WT mice at the equivalent time
postinfection. In the sera of IRF7 KO mice, IFN-� increased sig-
nificantly to levels similar to those detected in WT mice on day 2
and day 3 postinfection. Furthermore, the IFN-� level in the sera
of STAT1/RF7 DKO mice was slightly increased on day 3 postin-
fection and was lower than that in WT mice, but the difference did
not reach significance. However, in contrast to STAT1 KO and
IRF7 KO mice, the level of IFN-� production in STAT1/IRF7
DKO mice was significantly lower. Overall, these findings indicate
that following LCMV infection, IFN-I levels are markedly in-
creased in STAT1 KO mice and this amplified level of IFN-I pro-
duction in the absence of STAT1 is dependent on IRF7.

A lack of IFN-I signaling protects STAT1 KO mice from
death after LCMV infection. Our results showed that following
infection with LCMV, STAT1 KO mice exhibited a magnified
IFN-I response that was clearly dependent on IRF7. This, together
with our observation that STAT1/IRF7 DKO mice did not suc-
cumb to lethal disease following LCMV infection, led us to ask
whether the lethal disease induced in STAT1 KO mice following
LCMV infection was mediated by IFN-I. In order to answer this
question, we generated double gene-deficient mice that lacked
both STAT1 and IFNAR. These mice developed only mild clinical
signs and survived following i.p. infection with LCMV (Fig. 5A).
LCMV-infected STAT1/IFNAR DKO mice had a progressive and
significant weight loss from day 6 postinfection (Fig. 5B). How-
ever, the weight loss was much less than that in STAT1 KO mice.
These findings demonstrate that STAT1-independent IFN-I sig-
naling is required for the lethal outcome of LCMV infection in
STAT1 KO mice.

Next, we determined whether IFNAR deficiency protected
STAT1 KO mice from immune pathology and tissue destruction.
Histological examination of the livers and spleens of WT, STAT1
KO, IFNAR KO, and STAT1/IFNAR DKO mice infected i.p. with
LCMV was performed (Fig. 5C to J). Uninfected mice deficient for
STAT1, IFNAR, or both showed no overt differences in histolog-
ical appearance compared with uninfected WT mice (data not
shown). Following LCMV infection, the spleens of infected
STAT1 KO mice (Fig. 5D) showed a dramatic loss of splenic ar-
chitecture compared with the spleens of infected WT mice (Fig.
5C). However, the spleens of infected IFNAR KO mice (Fig. 5E)
and STAT1/IFNAR DKO mice (Fig. 5F) had only a modest dis-
ruption of the splenic architecture, with the follicles having less

FIG 4 Marked increases in IFN- and IFN-II levels in STAT1 KO mice but not
STAT1/IRF7 DKO mice following LCMV infection. (A) Autoradiograph
showing the expression of IFN-� and IFN-� mRNAs in the livers and spleens
of WT, IRF7 KO, STAT1 KO, and STAT1/IRF7 DKO mice infected i.p. with
LCMV, as described in Materials and Methods. Total RNA (10 �g) was ana-
lyzed by RPA, as described in Materials and Methods. Experiments were per-
formed using three mice at each time point. (B) Quantification of the autora-
diographs was performed by densitometry. Values were normalized to the
value for the housekeeping gene L32 and are shown as means 
 SEMs. (C)
IFN-� and IFN-� ELISAs were performed on sera from WT, STAT1 KO, IRF7
KO, and STAT1/IRF7 DKO mice at the times shown following i.p. infection
with 500 PFU of LCMV. Experiments were performed using 3 mice at each
time point. Values shown are means 
 SEMs. For significance (Mann-Whit-
ney U test): *, P � 0.05 compared with uninfected mice; ˆ, P � 0.05 compared
with WT mice at the respective time points; #, P � 0.05 compared with STAT1
KO mice at the respective time points; x, P � 0.05 compared with IRF7 KO
mice at the respective time points.
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well defined marginal zones but normal-appearing germinal cen-
ters. The livers of LCMV-infected WT mice showed no overt ab-
normalities in histological appearance (Fig. 5G). As expected,
large numbers of leukocytes were visible in the livers of infected
STAT1 KO mice, and the tissue was disrupted (Fig. 5H). However,
in the livers of IFNAR KO mice (Fig. 5I) and STAT1/IFNAR DKO
mice (Fig. 5J), the magnitude of leukocyte infiltration was much
lower and destruction of the liver tissue was not apparent. Overall,
these findings indicate that the lethal disease involving generalized
tissue pathology and destruction in LCMV-infected STAT1 KO
mice is driven by STAT1-independent IFN-I signaling.

IFN-I-driven lethal disease in LCMV-infected STAT1 KO
mice is mediated by STAT2- and IRF9-dependent pathways. The
findings in STAT1/IFNAR KO mice raised the question, what is
the nature of the noncanonical IFN-I signaling pathways that me-
diate lethality in LCMV-infected STAT1 KO mice? In particular,
we speculated that STAT2 and IRF9 are perhaps involved in this
process. To tackle this issue, additional double gene-deficient
mice that lacked STAT1 and either STAT2 or IRF9 were generated.
Following i.p. LCMV infection, both STAT1/STAT2 DKO and
STAT1/IRF9 DKO mice showed mild clinical signs, but all in-
fected animals survived (Fig. 5A). Additionally, STAT1/STAT2
DKO mice showed significant weight loss from day 6 postinfec-
tion (Fig. 5B). The weight loss was not recovered by day 18 postin-

fection but was considerably less than that of STAT1 KO mice. The
weight loss in STAT1/IRF9 DKO mice during LCMV infection
was not investigated. In all, these findings demonstrate that in the
absence of STAT1, IFN-Is signal through STAT2 and IRF9 follow-
ing LCMV infection.

DISCUSSION

STAT1 is a crucial signaling molecule for both IFN-I and IFN-II
signaling (reviewed in references 35 and 36). We have recently
shown that following infection with LCMV, STAT1 KO mice de-
velop an atypical lethal disease which is mediated by CD4� T cells
(17). This lethal disease is not replicated by the loss of signaling by
the other canonical IFN-I signaling factors (STAT2 and IRF9), by
deficient IFN-� signaling, or by the combined loss of IFN-I and
IFN-� signaling. The absence of STAT1 during LCMV infection in
mice is associated with markedly elevated levels of various cyto-
kines in serum, including IFN-Is and IFN-� (17, 29). While the
development of the lethal disease following LCMV infection in
STAT1 KO mice does not require IFN-� (17), the biological sig-
nificance of IFN-I signaling in this process was not known but
should be considered, since there is now abundant evidence that
IFN-I can mediate many biological functions independently of
STAT1 (37). IRF7 is a key transcriptional regulator of IFN-I pro-
duction during LCMV infection (24–27) that, interestingly, is sig-

FIG 5 Lethal disease in STAT1 KO mice caused by infection with LCMV is prevented by the absence of IFNAR, STAT2, or IRF9. WT (n � 8), STAT1 KO (n �
8), IFNAR KO (n � 8), STAT1/IFNAR DKO (n � 8), STAT1/STAT2 DKO (n � 8), and STAT1/IRF9 DKO (n � 8) mice were infected i.p. with 500 PFU of LCMV,
as described in Materials and Methods. (A) Survival outcome. (B) Weight change. The weight of 5 mice was monitored for the times shown. The percent weight
change was calculated as described in Materials and Methods. Data are shown as means 
 SEMs. For significance (Mann-Whitney U test): ˆ, P � 0.05 for STAT1
KO mice compared with WT mice; x, P � 0.05 for IFNAR KO mice compared with WT mice; #, P � 0.05 for STAT1/IFNAR DKO mice compared with WT mice;
*, P � 0.05 for STAT1/STAT2 DKO mice compared with WT mice. Spleens (C to F) and livers (G to J) were removed from WT (n � 3), STAT1 KO (n � 3),
IFNAR KO (n � 3), and STAT1/IFNAR DKO (n � 3) mice at day 7 postinfection, and sections were stained with H&E as described in Materials and Methods.
Tissue sections from the livers of STAT1 KO, IFNAR KO, and STAT1/IFNAR DKO mice showed the presence of leukocytes (arrows). Magnifications: �50 (C to
F) and �200 (G to J).
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nificantly induced in a STAT1-independent fashion in the spleen
and central nervous system during LCMV infection (28). Due to
these considerations, here we initially studied the role of IRF7 in
the lethal host response induced by LCMV in STAT1 KO mice by
generating STAT1/IRF7 DKO mice. We showed that IRF7 defi-
ciency in STAT1 KO mice prevented the lethality due to LCMV
infection and was associated with the systemic loss of detectable
IFN-� and markedly decreased IFN-�. Together with our findings
here that STAT1/IFNAR DKO, STAT1/STAT2 DKO, and STAT1/
IRF9 DKO mice all survived LCMV infection, this study shows
that the lethal immune-mediated disease due to LCMV infection
in STAT1 KO mice is dependent on IRF7 and is driven by STAT1-
independent IFN-I signaling via STAT2 and IRF9.

The protection against lethal disease afforded by IRF7 defi-
ciency in LCMV-infected STAT1 KO mice correlated well with a
general reduction in tissue pathology and the reduced production
of a variety of cytokines and chemokines compared with the tissue
pathology and the levels of cytokines and chemokines in LCMV-
infected STAT1 KO mice. As noted above, LCMV is a noncyto-
pathic virus, which is reflected by the absence of overt tissue injury
and disease in immunodeficient mice, even though these animals
have very high tissue virus loads (14, 15). Therefore, the reduced
tissue damage seen in the STAT1/IRF7 KO mice is related to the
overall dampening of the immune response to LCMV infection.
However, these mice still developed some clinical signs, such as
weight loss, hunched back, and reduced activity, following LCMV
infection. Furthermore, these mice showed an inability similar to
that of STAT1 KO mice to control LCMV replication and spread,
indicating that the antiviral mechanisms that control LCMV in
IRF7 KO mice are primarily mediated via STAT1-dependent sig-
naling.

Consistent with our previous findings (17), here we demon-
strated that LCMV infection in STAT1 KO mice resulted in high
levels of CCL2, IL-5, IL-6, IFN-Is, and IFN-� in serum, indicative
of a cytokine storm. The marked attenuation of this cytokine
storm response in the STAT1/IRF7 DKO mice raised the possibil-
ity that these cytokines and chemokines, individually or in com-
bination, might play a role in mediating lethal disease in STAT1
KO mice. As noted above, our recent studies showed that IFN-� is
not a crucial mediator in the development of LCMV-induced le-
thal disease in STAT1 KO mice. However, the involvement of the
other cytokines and chemokines whose levels were elevated in the
lethal disease in LCMV-infected STAT1 KO mice remains to be
determined. Notably, with the exception of IFN-I, IRF7 is not
known to regulate the production of the other cytokines and
chemokines that were elevated in LCMV-infected STAT1 KO
mice. Therefore, the decreased cytokine and chemokine produc-
tion in LCMV-infected STAT1/IRF7 DKO mice was most likely
due to the reduced immune response in these animals rather than
the loss of IRF7 per se.

As noted above, IRF7 is a key transcription factor that regulates
optimal IFN-I gene expression during LCMV infection. However,
while IRF7 is essential for systemic IFN-� production, it is not
required for systemic IFN-� production, indicating that the reg-
ulation of the IFN-� gene clearly differs from that of the IFN-�
genes in LCMV infection (25). In highlighting this point, it is
known that for a subset of Toll-like receptors (TLRs), including
TLR7 and TLR9, IRF7 associates with MyD88 to induce IFN-� but
not IFN-� (38, 39). Nevertheless, the lack of IRF7 in STAT1 KO
mice led to a loss of not only systemic IFN-� but also IFN-�,

indicating that in the absence of STAT1, IRF7 is required for reg-
ulating both IFN-� and IFN-� production following LCMV in-
fection. The mechanism of how the combination of STAT1 and
IRF7 regulate IFN-� gene expression during LCMV infection is
unknown. It has previously been reported that hematopoietic cells
are the principal source of systemic IFN-I production during
LCMV infection (17, 27). The significant reduction in IFN-� gene
expression in the spleens of LCMV-infected STAT1/IRF7 DKO
mice observed here also suggested that a defect in IFN-� produc-
tion by hematopoietic cells might be the basis for the absence of
systemic IFN-�. However, in contrast to the spleen, our results
indicated that significant upregulation of the IFN-� gene was
maintained in the livers of LCMV-infected STAT1 KO mice, de-
spite the absence of IRF7, suggesting that there are major cell
type-specific differences in how the IFN-� gene is regulated in
response to LCMV infection. Such differences may reflect the na-
ture of the pattern recognition receptors used by different cells to
sense LCMV infection and the subsequent utilization of down-
stream signaling pathways that ultimately mediate transcriptional
activation of the IFN-� gene.

On the basis of the apparent association between IRF7 defi-
ciency, reduced IFN-I levels, and survival of STAT1 KO mice fol-
lowing LCMV infection, we surmised that the underlying driver of
the fatal disease in STAT1 KO mice might be STAT1-independent
signaling by the IFN-Is. In order to investigate this, STAT1/IFNAR
DKO mice that lacked all IFN-I signaling were generated. The
results showed unequivocally that these mice were protected
against lethal disease after LCMV infection and had less weight
loss than STAT1 KO mice and little evidence of tissue immune
pathology in comparison with that in STAT1 KO mice. Thus,
these findings indicate that the lethal disease in the LCMV-in-
fected STAT1 KO mice is due directly to STAT1-independent
IFN-I signaling. We noted that following LCMV infection,
STAT1/IRF7 DKO mice exhibited a more severe disease pheno-
type than STAT1/IFNAR DKO mice. The STAT1/IRF7 DKO mice
also had elevated IFN-� levels, and although these were less than
the levels in STAT1 KO mice, the result suggests that there was a
low-level antiviral immune response in the STAT1/IRF7 DKO
mice. Therefore, we propose that the heightened disease pheno-
type of STAT1/IRF7 DKO mice compared with that in STAT1/
IFNAR KO mice is due to a low level of STAT1-independent IFN-I
signaling mediated by residual IFN-� production in these mice.
Irrespective of this, our findings demonstrate that STAT1-inde-
pendent IFN-I signaling is the central driver of the severe tissue
pathology and the consequent lethal host response in STAT1 KO
mice following LCMV infection.

Our findings point to a noncanonical, STAT1-independent
IFN-I signaling pathway(s) as being central in the pathogenesis of
the lethal disease in STAT1 KO mice after LCMV infection. The
results here also showed that, similar to STAT1/IFNAR DKO
mice, STAT1/STAT2 DKO and STAT1/IRF9 DKO mice survived
LCMV infection, indicating that the lethal disease mediated by
LCMV in STAT1 KO mice is dependent on STAT2 and IRF9. In
the context of viral infection, STAT1-independent, STAT2-de-
pendent IFN-I signaling has been reported by a number of studies.
For example, IFN-Is can suppress dendritic cell maturation in a
STAT1-independent but STAT2-dependent manner, contribut-
ing to viral persistence in LCMV CL13 infection (40). Further-
more, STAT2 mediates protective antiviral responses in the ab-
sence of STAT1 during cytopathic virus infections, such as
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vesicular stomatitis virus (VSV) (31) or dengue virus (41) infec-
tion, since STAT1/STAT2 DKO mice show a much greater in-
crease in their susceptibility to these infections than mice lacking
either gene alone. In contrast to STAT2, STAT1-independent,
IRF9-dependent IFN-I signaling has not been reported in the con-
text of antiviral responses, but the findings of our studies pre-
sented here suggest that IRF9 is also crucial for the STAT1-inde-
pendent, STAT2-dependent IFN-I signaling.

STAT2 has a transactivation domain, but it binds DNA poorly
(42, 43), while IRF9 appears to be critical for DNA binding and the
sequence recognition specificity of the ISGF3 complex (42, 44).
STAT2 has been shown to interact with IRF9 in vivo and in vitro
and after IFN-� treatment (42, 45–47). Although some studies
reported that STAT2-IRF9 complexes are not stable when inter-
acting with DNA (42), other studies have illustrated that STAT2-
IRF9 complexes are transcriptionally functional. For example, in
HEK293 Tet-On cells that express IRF9 proteins fused with
STAT2 transcriptional activation domains, these hybrid proteins
are able to increase the expression of ISGs and also exhibit antivi-
ral effects against VSV and herpes simplex virus (45). In addition,
recent studies demonstrated that STAT2-IRF9 complexes bind to
the ISRE region in the promoter of the RIG-g gene and regulate its
expression in STAT1-deficient U3A cells (46). Finally, STAT2
forms homodimers or heterodimers with STAT6 in response to
IFN-� (48), and these dimers are capable of binding to IRF9. In all,
a role for STAT2 and IRF9 in mediating noncanonical IFN-I sig-
naling in the absence of STAT1 is now clearly strongly supported
by the results of our studies presented here, which demonstrate
that each of these factors is obligatorily required for the develop-
ment of lethal disease in STAT1 KO mice following LCMV infec-
tion.

In conclusion, the findings from this study indicate that the
lethal immune-mediated disease resulting from LCMV infection
in STAT1 KO mice is (i) dependent on IRF7-induced IFN-I pro-
duction and (ii) driven by noncanonical IFN-I signaling via
STAT2 and IRF9. Further experiments are required to identify the
exact composition of the STAT2-IRF9-containing complexes in-
volved in the STAT1-independent IFN-I signaling pathways. Also,
it will be of interest to investigate the mechanism by which
STAT1-independent IFN-I signaling contributes to the genesis of
the antiviral CD4� T cell response in STAT1 KO mice. Overall, the
findings from this study further highlight the significance of non-
canonical IFN-I signaling in the host response to viral infection.
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