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ABSTRACT Effective CD8™ T cell responses play an important role in determining
the course of a viral infection. Overwhelming antigen exposure can result in subopti-
mal CD8* T cell responses, leading to chronic infection. This altered CD8* T cell dif-
ferentiation state, termed exhaustion, is characterized by reduced effector function,
upregulation of inhibitory receptors, and altered expression of transcription factors.
Prevention of overwhelming antigen exposure to limit CD8* T cell exhaustion is of
significant interest for the control of chronic infection. The transcription factor inter-
feron regulatory factor 9 (IRF9) is a component of type | interferon (IFN-I) signaling
downstream of the IFN-I receptor (IFNAR). Using acute infection of mice with lym-
phocytic choriomeningitis virus (LCMV) strain Armstrong, we show here that IRF9
limited early LCMV replication by regulating expression of interferon-stimulated
genes and IFN-l and by controlling levels of IRF7, a transcription factor essential for
IFN-I production. Infection of IRF9- or IFNAR-deficient mice led to a loss of early re-
striction of viral replication and impaired antiviral responses in dendritic cells, result-
ing in CD8* T cell exhaustion and chronic infection. Differences in the antiviral activ-
ities of IRF9- and IFNAR-deficient mice and dendritic cells provided further evidence
of IRF9-independent IFN-I signaling. Thus, our findings illustrate a CD8* T cell-
extrinsic function for IRF9, as a signaling factor downstream of IFNAR, in preventing
overwhelming antigen exposure resulting in CD8* T cell exhaustion and, ultimately,
chronic infection.

IMPORTANCE During early viral infection, overwhelming antigen exposure can
cause functional exhaustion of CD8* T cells and lead to chronic infection. Here we
show that the transcription factor interferon regulatory factor 9 (IRF9) plays a deci-
sive role in preventing CD8* T cell exhaustion. Using acute infection of mice with
LCMV strain Armstrong, we found that IRF9 limited early LCMV replication by regu-
lating expression of interferon-stimulated genes and Irf7, encoding a transcription
factor crucial for type | interferon (IFN-I) production, as well as by controlling the
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levels of IFN-I. Infection of IRF9-deficient mice led to a chronic infection that was accom-
panied by CD8" T cell exhaustion due to defects extrinsic to T cells. Our findings illus-
trate an essential role for IRF9, as a mediator downstream of IFNAR, in preventing over-
whelming antigen exposure causing CD8* T cell exhaustion and leading to chronic viral
infection.

KEYWORDS CD8* T cell exhaustion, interferon regulatory factor 9, lymphocytic
choriomeningitis virus, type | interferon

uring viral infection, the host immune response must strike a delicate balance

between effectively eliminating the virus and preventing tissue damage. Cytotoxic
CD8™* T cells are a key component of this adaptive antiviral response. Acute infection
triggers the generation of short-lived effector cells (SLECs) and long-lived memory
CD8* T cells. Effector CD8* T cells have high cytotoxic activity and coexpress multiple
cytokines, including gamma interferon (IFN-vy) and tumor necrosis factor alpha (TNF-«)
(1). However, in chronic infection, uncontrolled viral replication results in high antigen
exposure. When antigen exposure becomes overwhelming, differentiation of CD8+ T
cells moves toward a dysfunctional pathway termed functional exhaustion. This CD8™
T cell state is reversible and is associated with the expression of inhibitory receptors,
including programmed cell death 1 (PD1) and lymphocyte activation gene 3 (LAG3) (2,
3). Exhausted CD8* T cells are characterized by impaired proliferation and effector
cytokine production. However, they retain some effector function, allowing them to
restrict ongoing viral replication while preventing tissue damage (4, 5).

Type | interferons (IFN-I), including IFN-a and IFN-B, are cytokines with essential
antiviral functions during early infection (6, 7). They assist in the activation and
differentiation of CD8* T cells, thus enhancing the CD8* T cell-mediated antiviral
immune response (3). IFN-I bind to and signal through a heterodimeric receptor
composed of two subunits, IFNART and IFNAR2. The ligation of IFNAR activates
several signal transduction pathways, including STAT1 homodimers, STAT3 ho-
modimers, the mitogen-activated protein kinase (MAPK) pathway, phosphatidylinositol
3-kinase (PI3K)-AKT, and IFN-stimulated gene factor 3 (ISGF3), consisting of STATI-
STAT2 heterodimers and the transcription factor (TF) interferon regulatory factor 9
(IRF9) (6, 7). It is not clear how each of these pathways contributes to the outcome of
a viral infection. In the present study, we focused on IRF9, which is present at
steady-state levels in most human and murine cell types and is strongly upregulated in
an autocrine loop by IFN-I signaling (8). So far, IRF9-mediated induction of IFN-I and
antiviral effector gene expression has been demonstrated in mouse embryonic fibro-
blasts (EFs) and mutant cell lines (9-13). Furthermore, studies with EFs and human
tumor cell lines (14, 15) have shown that IRF9 is required for expression of the gene for
the TF IRF7, which is a crucial mediator and amplifier of IFN-I production in plasmacy-
toid dendritic cells (pDCs) (16, 17). In addition, we previously showed that in contrast
to STAT1-deficient mice, which develop a lethal wasting disease following infection
with lymphocytic choriomeningitis virus (LCMV), mice lacking IRF9 survive (18). How-
ever, the molecular mechanisms underlying these major differences in the outcome of
infection in STAT1- versus IRF9-deficient mice remain unclear. In particular, the contri-
butions of IRF9 to the innate and adaptive antiviral immune responses and its role in
the activation of DCs, including Irf7 expression, are still unknown.

Here we analyzed the impact of IRF9 on the antiviral immune response during
infection with the prototypic Armstrong strain of LCMV (LCMV-Arm). LCMV-Arm typi-
cally causes acute infection in mice. In the absence of IRF9, infection became chronic
and was characterized by CD8" T cell exhaustion and impaired expression of the Irf7
gene and antiviral effector molecules. This suggests that IRF9 is an essential factor
downstream of IFNAR for early viral control, thus preventing CD8* T cell exhaustion in
an extrinsic manner and, as a consequence, viral persistence.
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FIG 1 IRF9 deficiency converts acute LCMV-Arm infection into a chronic infection associated with
inflammatory changes. (A to D) WT, Irf9~/—, and Ifnar—/— mice were infected with LCMV-Arm i.p. and
analyzed at the indicated time points p.i. Weight curves (A) and clinical scores (B) for infected mice are
shown. (C) LCMV-np RNA levels in livers and CNS of WT, Irf9=/~, and Ifnar—/— mice. The LCMV-np RNA
levels were normalized to Rp/32 mRNA levels. Data are means and standard errors of the means (SEM).
(D) Histological changes in hematoxylin and eosin (H&E)-stained sections of WT, Irf9=/~, and Ifnar~/—
mice. Arrows point to inflammatory infiltrates in livers and CNS of infected Irf9~/~ and Ifnar—/— mice.
Bars = 100 um. For all panels, experiments were repeated three times with consistent results. Asterisks
indicate comparisons of WT versus Irf9~/~ mice, and number (#) symbols indicate comparison of WT
versus Ifnar~/~ mice. *, P < 0.05; **, P < 0.01; ***, P < 0.001. One-way analysis of variance (ANOVA) with
Tukey's posttest was used for multiple comparisons.

RESULTS

Irf9—/— mice fail to clear LCMV and develop chronic inflammation. To analyze
the role of IRF9 during antiviral immune responses, we infected wild-type (WT),
IFNAR-deficient (Ifnar—/~), and IRF9-deficient (Irf9~/~) mice with LCMV-Arm. LCMV-Arm
evokes a strong CD8* T cell response, which controls viral replication and clears
infection within approximately 12 days in WT mice (19, 20). In contrast, the CD8* T cell
response is severely impaired in Ifnar—/— mice, and LCMV persists for a prolonged time
(21). As expected, upon intraperitoneal (i.p.) infection, WT mice developed a slight and
transient weight loss and cleared the virus, resulting in undetectable viral RNA in
analyzed organs by day 12 postinfection (p.i.) (Fig. TA to C). Following infection, Irfo—/—
mice also developed a transient disease. However, they had more severe signs of
disease than WT or Ifnar=/— mice, with more significant weight loss (Fig. 1A) and clinical
signs, including rough fur and hunched posture (Fig. 1B). In both Irf9~/= and Ifnar—/—
mice, LCMV replication was not controlled and the virus persisted (Fig. 1C). This was
accompanied by marked infiltration of the liver and the central nervous system (CNS)
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with leukocytes (Fig. 1D). These results suggest that IRF9 contributes to LCMV-Arm
clearance by affecting CD8* T cell responses.

IRF9 deficiency results in exhaustion of LCMV-specific CD8* T cells. To under-
stand the impact of IRF9 on the antigen-specific CD8* T cell response, we performed
dextramer staining for CD8* T cells specific for LCMV glycoprotein (GP) and nucleo-
protein (NP). Consistent with the clinical data, in /rf9~/~ mice, accumulation of virus-
specific CD8" T cells was strongly reduced compared to that in WT mice (Fig. 2A).
Further, the total number of GP55_,;- and NP5q¢_404-specific CD8™ T cells was compa-
rably reduced in Irf9~/~ and Ifnar—/— mice (Fig. 2A). Upon antigen recognition, acti-
vated CD8™" T cells upregulate CD44 and SLECs display the molecule killer cell lectin-like
receptor G1 (KLRGT) (1). Interestingly, virus-specific CD8* T cells from WT, Ifnar—/—, and
Irf9=/— mice had similar CD44 levels (Fig. 2B), suggesting that CD8* T cells in all three
mouse strains were activated by LCMV. WT CD8+ T cells displayed high levels of KLRG1,
suggesting that differentiation into SLECs is important for containment of infection. In
contrast, KLRG1 expression on virus-specific CD8* T cells from infected Irf9~/~ and
Ifnar—/— mice was strongly reduced (Fig. 2C). Functionally, SLECs are characterized by
the production of multiple cytokines, including IFN-y and TNF-a (1). Virus-specific
production of IFN-y and TNF-a was high in WT CD8* T cells (Fig. 2D). This was
consistent with high KLRG1 expression and clearance of infection. In contrast, CD8* T
cells from infected Irf9=/~ and Ifnar—/— mice displayed significantly reduced produc-
tion of these effector cytokines in response to viral peptide (Fig. 2D), in agreement with
the diminished expression of KLRG1 (Fig. 2C). Thus, virus-specific CD8" T cells from
LCMV-infected Irf9—/— and Ifnar—/— mice showed impaired accumulation and function
as assessed by production of effector cytokines. Combining these results with LCMV-
Arm persistence (Fig. 1), we hypothesized that this impairment was due to functional
exhaustion of CD8* T cells. In line with our hypothesis, we detected increased levels of
the inhibitory receptors PD1 and LAG3 on virus-specific CD8* T cells after LCMV
infection of Irf9=/— mice (Fig. 2E and F). While CD8* T cells from Ifnar—/— mice had
similarly increased PD1 levels, LAG3 levels were even higher in Ifnar=’— mice than in
Irf9=/~ mice, indicating differential regulation of the expression of the two inhibitory
receptor genes by IFNAR and IRF9 signaling. Thus, infection with LCMV-Arm causes
CD8™* T cell exhaustion in Irf9~/~ and Ifnar—/— mice.

T cell-extrinsic IRF9 deficiency causes CD8+ T cell exhaustion upon LCMV-Arm
infection. To understand whether CD8" T cell exhaustion in LCMV-Arm-infected
Irf9=/= and Ifnar~/— mice is caused by CD8" T cell-extrinsic functions of IRF9 and
IFNAR, respectively, we adoptively transferred CD8" T cells from a mouse with a
transgenic T cell receptor (P14) recognizing the LCMV peptide GP5;_,,; (22) into WT,
Irf9—/—, or Ifnar—/— mice. As expected, the transfer of P14 cells into WT mice followed
by LCMV-Arm infection caused an accumulation of virus-specific CD8* T cells with the
SLEC phenotype as characterized by high KLRG1 levels and strong production of IFN-y
and TNF-« (Fig. 3A to F). Conversely, in an Irf9~/~ environment, P14 cells accumulated
less and failed to acquire the effector phenotype as assessed by impaired KLRG1
expression and reduced production of IFN-y and TNF-« (Fig. 3A, C, and E). The findings
were similar for Ifnar—/— recipient mice (Fig. 3B, D, and F). Consistent with reduced
KLRG1 expression and cytokine production, P14 cells transferred into Irf9~/~ or Ifnar—/—
mice displayed increased PD1 and LAG3 levels (Fig. 4A to D), indicating their functional
exhaustion. This was accompanied by imbalanced levels of the TFs T-bet and Eomes
(Fig. 4E to H), as described for exhausted CD8" T cells (2). Surprisingly, the transfer of
Irf9=/= P14 cells into WT mice failed to upregulate markers of exhaustion on virus-
specific P14 cells (Fig. 4l and J). These results reveal that IRF9 and IFNAR prevent CD8™
T cell exhaustion upon LCMV-Arm infection in a manner extrinsic to CD8" T cells.

IRF9 is critical for IFN-I production and expression of ISGs and IRF7 in DCs. As
professional antigen-sensing and -presenting cells, DCs are crucial for the appropriate
induction of T cell activation. Previous studies have shown that priming of CD8" T cells
by LCMV is dependent on DCs (23-25) and that defects in DC function can lead to T cell
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FIG 2 IRF9 deficiency impairs accumulation of effector CD8* T cells and induces exhaustion. (A to F) WT, Irf9—/—,
and Ifnar—/~ mice were infected with LCMV-Arm i.p., and the spleens were analyzed at day 8 p.i. (A) Frequencies
of CD8* T cells and LCMV GP,,_,, and LCMV NP, _,,, dextramer-positive (Dex*) CD8* T cells in WT, Irf9~/—, and
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intensities (MFI) for CD44 and KLRG1 of LCMV-GP,;_,, Dex* CD8" T cells in WT, Irf9~/~, and Ifnar—/~ mice.
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FIG 3 IRF9 extrinsically regulates the accumulation of effector CD8* T cells. (A to F) Prior to LCMV-Arm
infection, 10* negatively sorted CD8* T cells from CD45.1+ P14 mouse cells were transferred into WT or
Irf9=/— mice (A, C, and E) or into WT or Ifnar~/~ mice (B, D, and F). The spleens were analyzed at day 8
p.i. (A) Representative contour plots give CD45.1 and CD8a staining of transferred P14 cells in WT or
Irf9~/~ mice. The numbers show percentages of positive cells. The bar diagram to the right shows the
number of P14 cells among total splenocytes. (B) Number of P14 cells among total splenocytes in WT or
Ifnar—/~ recipients. (C) MFI for KLRG1 of P14 cells transferred into WT or /rf9~/~ mice. Representative
histograms and bar diagrams are shown. (D) MFI for KLRG1 of P14 cells transferred into WT or Ifnar—/~
recipients. (E) Splenocytes were stimulated with GP,,_,, peptide and analyzed for intracellular IFN-y and
TNF-a production. The left panels display representative contour plots, in which the numbers indicate
percentages of positive cells. The bar diagram to the right gives percentages of P14 cells, with the WT
level set to 100%. (F) Percentage of IFN-y* TNF-a* P14 cells transferred into WT or Ifnar—/~ recipients.
All bar diagrams show means and SEM (n = 5 mice per group). Data from one of two independent
experiments with consistent results are shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (unpaired
two-tailed Student’s t test).

exhaustion (2). Also, DCs are one of the primary targets of LCMV, as they express the
virus receptor a-dystroglycan (a-DG) at high levels (24, 26). Since CD8* T cell exhaus-
tion in Irf9~/~ and Ifnar~/~ mice was caused by effects extrinsic to T cells, we
hypothesized that IRF9-dependent IFN-I signaling is critical for the function of DCs. Cell
cultures containing all subpopulations of DCs, including a significant fraction of pDCs,
can be generated from murine bone marrow (BM) by use of FMS-like tyrosine kinase 3
ligand (FIt3L) (27). Thus, we next analyzed Flt3L-derived DCs (FIt3L-DCs) from WT and
Irf9=/~ mice for the ability to produce IFN-I following addition of RNA40, which triggers

FIG 2 Legend (Continued)

(D) Splenocytes were stimulated with GP,,_,, peptide and analyzed for IFN-y and TNF-« production by intracellular
staining. n.c., nonstimulated control. The numbers display percentages of positive cells. (E and F) MFI for PD1 and
LAG3 of LCMV-GP5;_,, Dex™ CD8* T cells in WT, Irf9~/—, and Ifnar—/~ mice. For all panels, representative histograms
are shown, and bar diagrams display means and SEM (n = 5 per group). Data from one of two independent
experiments with consistent results are shown. **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; n.s., not significant

(unpaired two-tailed Student’s t test).
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FIG 4 IRF9 extrinsically regulates exhaustion of CD8" T cells. Prior to LCMV-Arm infection, 10* negatively
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are shown. Bar diagrams display means and SEM (n = 5 per group). (I and J) Prior to LCMV-Arm infection,
10* negatively sorted CD8* T cells from CD45.2* P14 mice or from CD45.2* [rf9~/— P14 mice were
transferred into CD45.1+ WT mice. The spleens were analyzed at day 8 p.i, and the graphs show MFI for
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FIG 5 IRF9 is important for DC function in response to IFN-I and TLR7 as well as TLR9 ligands. (A to D) WT
or Irf9~/= FIt3L-DCs were left unstimulated (n.c.) or were stimulated with LPS, RNA40 complexed to DOTAP,
CpG2216, or IFN-B. (A) Cytokine concentrations were measured by ELISA after 22 h of stimulation. (B and
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Immunoblotting of IRF7, MAPK, p65, and B-actin in WT or Irf9~/~ FIt3L-DCs after 22 h of stimulation with
RNA40 or CpG2216 or in unstimulated cells (n.c.). For panel A, data were combined from three independent
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of three independent experiments with consistent results are shown. **, P < 0.01; ***, P < 0.001; n.s., not
significant (Student’s t test).

Toll-like receptor 7 (TLR7) activation (imitating the single-stranded RNA displayed by
LCMV), or CpG oligodeoxynucleotides (ODNs), which induce TLR9 signaling. We found
that FIt3L-DCs from Irf9~/~ mice produced less IFN-I and proinflammatory cytokines
interleukin-6 (IL-6) and TNF-« in response to the TLR7 and TLR9 agonists, while the
production of IL-12p40 was not significantly affected (Fig. 5A). Because IFN-I are known
to upregulate IL-6 and TNF-« production, it is possible that the diminished production
upon RNA40 and CpG ODN stimulation resulted from the deficiency in IFN-I production
(28). Furthermore, the production of IL-6 and TNF-« in response to the TLR4 agonist
lipopolysaccharide (LPS) was not affected by IRF9 deficiency in FIt3L-DCs, suggesting
that the contribution of IRF9 to TLR responses is specific for TLR7 and TLR9. IFN-

FIG 4 Legend (Continued)

PD1 and LAG3 of WT or Irf9=/~ P14 cells transferred into WT mice. Representative histograms are shown.
Bar diagrams to the right display means and SEM (n = 5 per group). For panels A to F, data from one of
two independent experiments with consistent results are shown. **, P < 0.01; ***, P < 0.001; n.s., not
significant (unpaired two-tailed Student’s t test).
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inducible antiviral effectors are critical for the early inhibition of viral replication (29).
Given the impaired control of LCMV in Irf9~/~ mice, we therefore analyzed the
regulation of virus-restricting IFN-stimulated gene (ISG) expression by IRF9 in DCs. We
observed strongly reduced expression of antiviral effectors upon TLR7 stimulation or
IFN-B addition in IRF9-deficient versus WT FIt3L-DCs (Fig. 5B).

Signal transduction via TLR7 and TLR9 involves several signaling pathways, includ-
ing NF-«B, MAPK, and IRF7 pathways. In particular, IRF7 is required for the IFN-I
response in pDCs (16, 17). We found that IRF9 was required for IRF7 upregulation in
FIt3L-DCs, whereas the p65 subunit of the classical NF-«B pathway, as well as MAPK,
was not strongly affected by IRF9 deficiency (Fig. 5C). This regulation occurred at the
level of gene expression, as Irf7 expression was strongly diminished in Irf9—/~ versus WT
FIt3L-DCs (Fig. 5D). Thus, IRF9 contributes to the upregulation of IFN-I and IRF7 upon
TLR7 and TLR9 signaling and to the induction of antiviral ISGs in FIt3L-DCs.

IRF9 is required for normal DC activation in vivo and for early control of LCMV
replication. To understand the contribution of IRF9 to the control of LCMV infection,
we analyzed plasma levels of IFN-I in /rf9~/~ versus WT mice upon LCMV infection. We
noted significantly diminished IFN-« levels, while IFN-B was less affected by IRF9
deficiency (Fig. 6A). The main producers of IFN-I during early viral infection are pDCs,
and this function is tightly controlled by IRF7 (16, 17). Therefore, we investigated
whether IRF9 affects the functional qualities of pDCs during LCMV infection in com-
parison to those seen with IFNAR. For this purpose, we purified pDCs 1 day after LCMV
infection and analyzed the expression of key genes by quantitative real-time PCR
(gRT-PCR). Consistent with our in vitro data, ex vivo-enriched pDCs from day 1 infected
Irf9=/— mice displayed strongly diminished Irf7 gene expression compared to that in
pDCs from WT mice (Fig. 6B). Furthermore, the expression of antiviral effector genes by
pDCs was markedly decreased by IRF9 deficiency (Fig. 6C). This was accompanied by
loss of control of early LCMV replication in DCs and metallophilic macrophages in
spleens of Irf9~/~ mice (Fig. 6D and E). Notably, while mRNA levels for Irf7, Isg15, Pkr,
Oasl2, and Mx1 were reduced in IRF9-deficient pDCs compared to those in WT cells,
they were even lower in pDCs from Ifnar—/— mice (Fig. 6B and C), indicating that in the
absence of IRF9 a partial signaling via IFNAR takes place. However, this partial signaling
is not sufficient for restriction of viral replication and prevention of T cell exhaustion. In
agreement with partial IFNAR signaling being present with IRF9 deficiency, levels of the
IFN-inducible activation marker stem cell antigen 1 (SCA-1) (30) in Irf9—/~ pDCs and
conventional DCs (cDCs) were between those in WT and Ifnar—/— mice (Fig. 6F). In
addition, we detected a differentially imbalanced expression of the costimulatory
molecules CD80 and CD86 on pDCs and cDCs from Irf9~/— and Ifnar—/— mice (Fig. 6G
and H), suggesting that IRF9 and IFN-I may also affect the costimulatory activity of pDCs
and cDCs, and thus the priming of CD8* T cells (31), in a noncompletely overlapping
manner. Taken together, these data demonstrate a crucial role for IRF9 as a signaling
factor downstream of IFNAR in the early control of LCMV infection, by upregulating
IFN-I production, as well as in the expression of antiviral effector genes. These effects
combined with modulation of the properties of DCs by IRF9 determine adequate CD8*
T cell responses in the control of LCMV dissemination.

DISCUSSION

In this study, we demonstrated that the transcription factor IRF9 is critical for the
early control of LCMV-Arm infection and its subsequent elimination. We also showed
that IRF9 is the crucial mediator downstream of IFNAR in the antiviral IFN-I response.
The absence of IRF9 converted acute LCMV-Arm infection into a chronic infection
associated with functional CD8 T cell exhaustion. IRF9 was critical for the upregulation
of antiviral effectors in vitro in FIt3L-DCs in response to the TLR7 agonist RNA40 or IFN-I.
Similarly, upon LCMV-Arm infection of Irf9~/~ mice, the expression of antiviral effectors
in pDCs, including MxT1 and Pkr, as well as SCA-1 in DC subsets, was strongly impaired,
with evident loss of early restriction of LCMV replication. This demonstrates that
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FIG 6 IRF9 is essential for dendritic cell function and early restriction of LCMV-Arm dissemination. (A to
H) WT, Irfo—/=, and Ifnar~/— mice were infected with LCMV-Arm and analyzed at the indicated time points
p.i. (A) IFN-a and IFN-B levels in plasma at the indicated time points p.i. (n = 4 per group). (B and C)
Enriched pDCs of WT, Irf9~/~, and Ifnar~/— mice at day 1 p.i. were used for RNA isolation and qRT-PCR
analysis. The values were normalized to the levels of the 18S rRNA gene, and relative expression was
calculated by setting the value for Ifnar=/— mice to 1. (D and E) Immunofluorescence of spleen sections
from WT, Irf9=/=, and Ifnar~/— mice at day 3 p.i, stained for LCMV-NP, CD11c (DCs), and CD169
(metallophilic macrophages adjacent to the marginal zone of the spleen) (n = 3 per group). Original
magnification, X10. (F to H) Ex vivo flow analysis of SCA-1, CD80, and CD86 on pDCs (CD3e~ NK1.1~
B220* CD11c*), CD8* c¢DCs (CD3e~ NK1.1~ B220~ CD11c" MHC" CD8a"), and CD11b* ¢DCs (CD3e
NK1.1— B220~ CD11chi MHCh CD11b™) at day 4 p.i. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P <
0.0001; n.s., not significant (unpaired two-tailed Student’s t test).
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IRF9-dependent IFN-I signaling is critical for the early control of LCMV replication, a
crucial event in the establishment of infection (2, 3, 29).

The impaired upregulation of antiviral effectors in LCMV-Arm-infected Irf9~/~ mice
was accompanied by significantly reduced systemic levels of IFN-«a and, to a lesser
extent, IFN-B. Recently, it was suggested that IFN-«a rather than IFN-B is primarily
responsible for the early antiviral activity of IFN-I (32). It is likely that the combination
of IRF9-dependent effects on IFN-a production and expression of antiviral effectors is
critical for limiting early LCMV-Arm replication. This is supported by findings in Irf7—/~
mice where reduced systemic levels of IFN-a but normal IFN-B levels coincided with
increased early LCMV-Arm replication (19, 20). Considering that IRF9 is expressed in
most cell types (8) and IFN-B can be produced by almost every cell (29), it is probable
that stromal cells also contribute to IRF9-dependent restriction of viral replication and
IFN-B production. In addition to restricting viral replication, IFN-I promote the expan-
sion and activation of antiviral CD8* T cells by substituting for CD4* T cell help (3,
33-35), inhibiting regulatory T cells (36), and preventing NK cell-mediated cytotoxicity
(37, 38). Furthermore, retained IFN-a production during early infection plays an impor-
tant role in preventing CD8* T cell exhaustion (39). In this context, our data indicate
that CD8™* T cell intrinsic IRF9 appears not to contribute to the promotion of prolifer-
ation and activation of CD8* T cells, known as signal 3, provided by cytokines (3). Note
that recent studies have shown that in contrast to the early antiviral response, where
IFN-I are required for virus control and elimination, prolonged IFN-I responses during
chronic infection contribute to CD8* T cell exhaustion (40, 41).

Strikingly, the prevention of CD8" T cell exhaustion was mediated in a manner
extrinsic to CD8™ T cells through multiple IRF9- and IFNAR-dependent effects. Antigen
overstimulation induces CD8% T cell exhaustion (3, 42-44). IRF9-dependent early
control of virus dissemination in concert with increased IFN-I action potentially pro-
motes CD8* T cell activity and operates as the main mechanism by which IRF9
downstream of IFNAR prevents CD8™ T cell exhaustion. Moreover, IRF9 affected the
balance of expression of the costimulatory molecules CD80 and CD86 on pDCs and
cDCs. Since appropriate costimulatory signals are important for optimal DC-mediated
CD8™ T cell activation (2), it is possible that this imbalance further contributed to the
induction of CD8* T cell exhaustion in the /Irf9~/— mice. Thus, the exhaustion of the
CD8* T cell response and subsequent LCMV persistence that were caused by IRF9 or
IFNAR deficiency were probably triggered by a combination of factors, including loss of
restriction of viral replication, impaired IFN-I production, and defects in DCs.

The contribution of pDCs to the immune response against LCMV is a matter of
ongoing discussion. However, it has been reported that pDCs are productively infected
and activated via TLR7 during infection with LCMV and other arenaviruses, such as
Lassa virus (45). A role for pDCs in the host response against LCMV also comes from
findings from mice with Runx2-deficient pDCs (46). Runx2-deficient pDCs produce less
IFN-« following LCMV infection, resulting in an impaired antiviral CD8* T cell response
that is characterized by the expression of PD1 and impaired clearance of acute infection
with an LCMV strain. The similarities between that study (46) and the results reported
here suggest that the effects of IRF9 in pDCs and CD8* and CD11b™ cDCs are critical
for a normal host response. Consequently, IRF9 deficiency in DCs contributed directly
to the phenotype of Irf9~/~ mice infected with LCMV-Arm. This is supported by our
results, obtained from FIt3L-DCs, showing a fundamental role of IRF9 in DCs for
IFN-I-mediated upregulation of IFN-I, antiviral effectors, and the TF IRF7. Note that the
genes for IRF9, IRF7, and many antiviral effectors are themselves ISGs with interferon-
stimulated response elements (ISREs) in their promoters (12, 13, 29), which act as
binding sites for the ISGF3 complex (47). Therefore, it is conceivable that their expres-
sion is directly regulated by the ISGF3 complex.

The specific function of IRF9 in coordinating the IFN-I response against LCMV
is underscored by differences in clinical phenotype between Irf9~/~, Ifnar—/—, and
Stat1=/~ mice. While infection of Stat7—/— mice with LCMV results in a lethal wasting
disease that is mediated by CD4* T cells (18), Ifnar—/— and Irf9~/~ mice survive and
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develop LCMV persistence (19), suggesting that IRF9 is an essential facilitator of effects
mediated via IFNAR during LCMV infection. The differences in clinical severity between
Irf9=/= and Ifnar—/— mice are likely the consequence of aberrant IFN-I signaling in the
former. We previously showed that in the absence of IRF9, IFN-I induce an IFN-vy-like
response (48). In support of this, mRNA levels for a number of proinflammatory genes,
including Cxcl9 and Irf1, were increased in the CNS of infected /rf9~/~ mice compared
to those in the CNS of Ifnar—’/— mice (data not shown). Thus, alternative IRF9-
independent IFN-I signaling may account for the increased disease severity in IRF9-
deficient mice. Furthermore, the levels of antiviral effectors and the IFN-I-inducible
marker SCA-1 were affected more strongly in DCs isolated from IFNAR-deficient mice
than in those from IRF9-deficient mice compared to the levels in WT mice, indicating
a contribution of alternative IRF9-independent pathways downstream of IFNAR signal-
ing to the control of early responses to LCMV. Finally, the expression of costimulatory
molecules was differentially regulated in IFNAR- and IRF9-deficient DCs, suggesting
unequal regulation of these molecules by IFNAR and IRF9 signaling and a slight
variability in the CD8* T cell response. Nevertheless, our findings illustrate a pivotal role
of the IRF9 signaling pathway downstream of IFNAR in determining the course of LCMV
infection by preventing CD8* T cell exhaustion in an extrinsic manner. Thus, the extent
of IRF9 expression might be used in the future as a predictive marker for the detection
of the course of the immune response and the outcome of infection.

MATERIALS AND METHODS

Mice. Irf9=/~, Ifnar~/—, and P14 mice were described previously (11, 21, 22). Wild-type (WT) C57BL/6
and congenic CD45.1 (Ly5.1) (6.SJL-Ptprce Pep3°/Boyl) mice were purchased from The Jackson Labora-
tory. WT P14 mice were kindly provided by Max Loehning, German Rheumatism Research Center Berlin.
P14 mice were bred with /rf9~/~ mice to generate Irf9~/~ P14 mice. All mice were on a C57BL/6 genetic
background and were bred under specific-pathogen-free conditions at the animal facility of the Bio-
medical Research Center, University Marburg, or at the animal facility of the University of Sydney. Ethics
approval for all animal experiments was obtained from the animal ethics committees of The University
of Sydney (approval no. 5883/2013 and 1056/2016) and the Regierungspraesidium Giessen (approval no.
53-2010). Animal experiments were performed in compliance with the NSW Animal Research Act (and its
associated regulations) and the 2004 NHMRC Australian code of practice for the care and use of animals
for scientific purposes, for experiments performed in Australia, or in compliance with the German animal
protection law (TierSchG), for animal experiments performed in Germany.

Preparation of LCMV stock and infection of mice. LCMV-Arm was kindly provided by Peter Aichele,
University of Freiburg. Virus was propagated in Vero cells (kindly provided by Markus Eickmann), and
infectivity was determined by a plaque formation assay as previously described (18). For infections, mice
between 8 and 16 weeks of age were used. For experiments with T cell transfers and T cell responses,
mice were injected with 2 X 10° PFU LCMV-Arm i.p., and for the clinical course and histology
experiments shown in Fig. 1, the mice were injected with 103 PFU LCMV-Arm i.p. Following infection,
mice were weighed and observed daily for the development of signs of disease. Clinical scores were
determined by adding up individual scores based on an animal ethics committee-approved scoring
scheme (rough fur = 1, prominent vertebral spinous processes, scapulae, or pelvis = 2, hunched
posture = 2, reduced activity = 2, tremor = 3, and seizures = 4).

Histology. To determine pathological changes, mice were euthanized at the times shown, and the
brains and organs (lungs, liver, spleen, and kidneys) were removed and fixed overnight in ice-cold 4%
formaldehyde in phosphate-buffered saline (PBS; pH 7.4). Following paraffin embedding, tissue sections
(5 wm) were prepared and stained with hematoxylin and eosin (H&E). For immunofluorescence assay,
snap-frozen spleens were analyzed with a monoclonal antibody (MAb) to LCMV-NP (VL4). DCs were
stained with anti-CD11c (N418; eBioscience), and macrophages were stained with anti-mSiglec-1 (CD169;
R&D Systems).

Plasma isolation and ELISA. Blood was collected from anesthetized mice by cardiac puncture, using
a 1-ml syringe containing 20 ul heparin (10 kU/ml; Sigma-Aldrich, Castle Hill, Australia). Blood was
centrifuged for 5 min at 2,000 X g at 4°C, and the supernatant was removed, placed in aliquots,
snap-frozen in liquid nitrogen, and stored at —80°C. Enzyme-linked immunosorbent assays (ELISAs) for
IFN-a (PBL Biomedical Laboratories, NJ, USA) and IFN-B (MyBioSource, CA, USA) were done according to
the manufacturers’ instructions.

Isolation and transfer of cells and flow cytometry. Splenocytes in single-cell suspension were
stained for cell surface markers by use of specific antibodies, as indicated. LCMV-specific CD8* T cells
were detected with H-2DPGP,,_,, or H-2DPNP,,,_,,, dextramers (Immudex, Copenhagen, Denmark),
followed by extracellular staining with the indicated fluorochrome-conjugated antibodies. For the
characterization of cytokine production, cells were incubated with 1 uM LCMV GP,,_,, (KAVYNFATM) or
1 M NP5o6 404 (FQPQNGQFI) in the presence of brefeldin A (Sigma-Aldrich, St. Louis, USA) for 4 h. Cells
were stained for CD8q, fixed with 2% formalin, permeabilized with 0.1% saponin, and stained for TNF-«
and IFN-y. Fluorochrome-conjugated antibodies used were anti-CD8« (53-6.7; BD Pharmingen or Bio-
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Legend), anti-CD44 (IM7; BD Pharmingen or BioLegend), anti-KLRG1 (2F1; eBioscience or BioLegend),
anti-LAG3 (C9B7W; BD Pharmingen or BioLegend), anti-PD1 (J43 [eBioscience] or 29F.1A12 [BiolLeg-
end]), anti-CD4 (RM4-5; BD Biosciences or BiolLegend), anti-CD3e (145-2C11; BioLegend or BD
Pharmingen), anti-CD45 (30-F11; BioLegend), anti-TNF-a (MAb11; eBioscience), and anti-IFN-y (XMG1.2;
BioLegend). For intranuclear staining, anti-T-bet (eBio4B10; eBioscience) and anti-Eomes (Dan11mag;
eBioscience) MAbs were used. For transfers, CD8* T cells were purified from single-cell splenocyte
suspensions by use of a kit for negative selection of CD8* T cells (Miltenyi) following the manufacturer’s
instructions. The transferred cells were detected by surface staining with anti-CD45.2 (104; Biolegend) or
anti-CD45.1 (A20; BD Pharmingen). For experiments characterizing P14 responses, 104 P14 or Irf9—/~ P14
cells were transferred i.p. Cells from spleens were analyzed with a FACSCanto Il or Aria Ill flow cytometer
and FlowJo software.

qRT-PCR and RPA. For gqRT-PCR, total RNA was prepared using an RNeasy microkit (Qiagen, Hilden,
Germany). cDNA synthesis and PCR were performed as described previously (49). mRNA levels were
normalized to 18S or HPRT1 mRNA levels by use of the AAC; method, and relative fold differences were
calculated. Previously published primer sequences for detection of mouse Irf7, Isg15, Mx1, Pkr, and Oasl2
(50) were used. For RNase protection assay (RPA), RNA was isolated using TRIsure (Bioline, Alexandria,
NSW, Australia). RPA against LCMV-NP was performed as previously described (18).

Generation and stimulation of FIt3L-DCs and ELISA. For the generation of Flt3L-induced DC
cultures, murine BM cells were seeded at 1.5 X 106 cells/ml in medium supplemented with FIt3L-
containing cell supernatant (1:250) for 7 days, as described previously (51). For in vitro stimulation,
FIt3L-DCs were stimulated with 1 ug/ml LPS (Sigma-Aldrich), 0.75 uM RNA4O (IBA, Gottingen, Germany),
1 uM CpG-ODN2216 (CpG2216; TIB Molbiol, Berlin, Germany), or 2,500 U/ml murine IFN-B (Chemicon,
PBL). RNA40 was complexed with N-[1-(2,3-dioleoyloxy)propyl]-N,N,N-trimethylammonium methyl-
sulfate (DOTAP; Carl Roth, Karlsruhe, Germany) according to the manufacturer’s instructions. Superna-
tants were collected after 22 h of stimulation and analyzed for IL-6, IL-12p40, and TNF-« by use of ELISA
kits (all from BD Biosciences) according to the manufacturer’s instructions. Concentrations of mouse
IFN-a and IFN-B were analyzed using specific capture and detection antibodies (PBL Assay Science).

Immunoblotting. FIt3L-DCs from WT and /rf9—/— mice were harvested after 7 days of differentiation
with FIt3L, washed with PBS, seeded in a 24-well plate at 10° cells/well, and incubated for 22 h in the
presence of RNA40 or CpG2216. Cells were then collected and lysed using RIPA buffer (Sigma-Aldrich).
The lysates were fractioned by SDS-PAGE, transferred to a polyvinylidene difluoride (PVDF) membrane,
and immunoblotted as described previously (49) and then were stained with rabbit monoclonal
antibodies against IRF7 (EPR4718; Abcam), p44/42 mitogen-activated protein kinases (MAPK) (4696; Cell
Signaling), NF-«B p65 (C20; Santa Cruz Biotechnology), and B-actin (AC-15; Sigma-Aldrich).

Ex vivo purification and staining of pDCs. Spleens from day 1 p.i. with LCMV-Arm (2 X 105 PFU)
from WT or Irf9=/— mice (pooled from 6 mice per group) were processed for pDC purification by use of
a negative selection kit (Miltenyi) according to the manufacturer’s instructions. Thereafter, the cells were
stained in the presence of anti-CD16/CD32 antibodies (93; eBioscience) for surface expression of Siglec-H
and B220 for characterization of pDCs. For ex vivo DC analysis, 2 X 10 splenocytes/well were stained
with fixable blue LIVE/DEAD reagent (1/1,000; Life Technologies) and purified with anti-mouse CD16/32
(1/100) in PBS for 20 min at 4°C before adding anti-CD11b (M1/70; BD Biosciences), anti-CD11c (N418;
BioLegend), anti-Siglec-F (E50-2440; BD Biosciences), anti-I-A/I-E (M5/114.15.2; BioLegend), anti-NK1.1
(PK135; BioLegend), anti-CD45 (30-F11; BD Biosciences), anti-CD8a (53-6.7; BioLegend), anti-B220 (RA3-
6B2; BioLegend), anti-I-Ab (AF6-120.1; BioLegend), anti-CD317 (anti-PDCA-1 or -tetherin) (297; Bio-
Legend), anti-CD80 (16-10A1; BD Biosciences), anti-CD3e (145-2C11; BioLegend), anti-CD274 (anti-PDL1
or -B7-H1) (10G.9G2; BioLegend), anti-Ly6C (HK1.4; BioLegend), anti-Ly6G (1A8; BioLegend), or anti-CD86
(GL-1; BioLegend). Cells were incubated for a further 30 min at 4°C before centrifugation. Samples were
washed twice, fixed in fixation buffer (BioLegend) for 10 min, washed, and resuspended in fluorescence-
activated cell sorter (FACS) buffer.

Statistics. All described experiments were performed at least twice with similar results, unless
otherwise indicated. Details of statistical analysis are given in the figure legends.
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