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Abstract

Type | interferons (IFN-I) are critical for antiviral immunity; however, chronic IFN-I signaling is
associated with hyperimmune activation and disease progression in persistent infections. We
demonstrated in mice that blockade of IFN-I signaling diminished chronic immune activation and
immune suppression, restored lymphoid tissue architecture, and increased immune parameters
associated with control of virus replication, ultimately facilitating clearance of the persistent
infection. The accelerated control of persistent infection induced by blocking IFN-I signaling
required CD4 T cells and was associated with enhanced IFN-y production. Thus, we demonstrated
that interfering with chronic IFN-I signaling during persistent infection redirects the immune
environment to enable control of infection.

Despite initially robust antiviral immune activity, some viruses, including HIVand hepatitis
C virus (HCV) in humans and lymphocytic choriomeningitis virus (LCMV) in mice, outpace
the immune response and establish persistent infections (1, 2). Besides virus-mediated
evasion tactics, the host initiates an immunosuppressive program that actively suppresses
antiviral T cell responses and facilitates persistent infection (3-8). The expression of
suppressive factors is tightly linked to viral burden (3, 4, 8), suggesting the presence of an
immunologic sensory system that continually measures the magnitude and duration of viral
replication and then dynamically modulates the balance between antiviral immunity and
immune exhaustion.

In order to identify the mechanisms orchestrating the immunosuppressive program during
virus infection, we performed RNA microarray—based splenic network analysis. We
compared mice infected with one of two LCMV strains: the Armstrong (Arm) strain, which
induces a robust T cell response that resolves infection within 8 to 10 days, or the clone 13
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(CI13) strain, which generates a persistent infection because of the sustained expression of
an immunosuppressive program, including production of inter-leukin (I1L)-10 and expression
of the inhibitory molecule PD-L1 (programmed cell death 1 ligand 1) (4, 5, 9-13). PD-L1
and IL-10 are similarly expressed at the onset of both acute and persistent infection;
however, expression of these molecules wanes with resolution of acute infection, whereas
they are maintained or elevated in persistent infection (3, 4, 8). Similarly, antigen-presenting
cell (APC) populations expressing multiple suppressive factors with the ability to inhibit
Tcell responses are present early in acute infection but are elevated in the context of
persistent infection (8). We focused our microarray analysis to identify factors exhibiting a
similar kinetic that might be used to sense virus replication dynamics and control
immunosuppressive programs. Tissue-wide cytokine expression patterns were similar in
acute and persistent infections (fig. SLA). However, analogous to virus clearance kinetics,
type | inter-feron (IFN-1) receptor (IFNR)-stimulated genes, signal transducer and activator
of transcription (STAT) genes, and IFN-I regulatory factors were initially similarly
expressed in LCMV-Arm and LCMV-CI13 infections but then rapidly dissipated as acute
LCMV-Arm infection resolved, whereas they remained elevated in LCMV-CI13 infection
(Fig. 1A and table S1). In total spleen, the expression of IFN-a and IFN-p was not elevated
above uninfected mice (fig. S1B); however, at day 9 postinfection IFN-a and IFN-f
transcripts were still present in dendritic cells (DCs) from LCMV-Cl13-infected mice (Fig.
1B). Analysis of IL-10—green fluorescent protein (GFP) (Vert-X) reporter mice (8, 14)
revealed that OAS and MxI (genes directly stimulated by IFNR signaling) expression levels
were specifically enriched in the immunoregulatory APCs that co-express the highest levels
of PD-L1 and IL-10 and can suppress antiviral T cell responses (8) (Fig. 1C), suggesting a
link between prolonged IFN-I signaling and immunosuppression. Expression of /RF3, a
gene involved in the IFN-I response but whose expression is not directly regulated by IFNR
signaling (15), was not differentially increased in immunoregulatory APCs (Fig. 1C).

We next determined the impact of IFN-I signaling on the immunosuppressive program in
vivo. Although levels of virus replication usually correlate with expression of suppressive
factors (1), /fnarI”'~ mice exhibited decreased expression of PD-L1 and IL-10 compared
with wild-type mice at day 9 after LCMV-CI13 infection (Fig. 2A and fig. S2A) despite
elevated levels of viral replication and viral antigen (fig. S2, A and B). Furthermore,
treatment of splenocytes with IFNP stimulated increased PD-L1 and IL-10 expression (fig.
S2C). Taken together, these data suggest that IFN-I signaling drives the immunosuppressive
program in vivo. /fnarl'~"mice failed to clear LCMV-Arm by day 9 after infection (fig.
S2D), consistent with the antiviral and immune stimulatory effect of IFN-I during viral
infection (16).

To resolve the role of IFN-I in induction of the immunosuppressive program separate from
potential abnormalities of life-long genetic deficiency in /frarZ~/~ mice (17), we treated
wild-type mice with an IFNR1-blocking antibody beginning 1 day before LCMV-CI13
infection. IFNR1 blockade diminished Mx1, OAS, and /RF7expression in multiple tissues
and cell types (fig. S3A), indicating the ability to inhibit IFN-I signaling in vivo. Analogous
to persistently infected /frarZ~ mice, IFNR1 antibody blockade led to decreased PD-L1
and IL-10 expression and elevated virus titers compared with isotype antibody—treated
LCMV-CI13-infected mice on day 9 after infection (Fig. 2B). IL-10 levels rebounded when
IFNR1 blocking antibody treatment was withdrawn (day 15; Fig. 2B), indicating sensitive
surveillance and rapid modulation of the immunosuppressive state through IFN-I signaling.
Heightened IFN-I signaling can inhibit inflammasome activity in some situations (18).
However, despite higher levels of virus replication and LCMV antigen in splenic APCs from
persistently infected mice treated with IFNR1 blocking antibody (Fig. 2B and fig. S2B),
reduced amounts of IL-1, IL-18, and inflammasome activation were observed (fig. S3B),
indicating that blockade of IFN-I signaling decreases chronic inflammation during persistent
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infection. The reduced levels of inhibitory factors and chronic activation after IFNR1
blockade were not indicative of global down-regulation of pro-inflammatory cytokines, and
in fact expression of IFN-v, a factor critical for control and therapeutic resolution of
persistent LCMV infection (16, 19, 20), was elevated after IFNR1 blockade (fig. S3B).
Thus, IFNR blockade during persistent infection diminishes immunosuppressive signals and
chronic inflammation during persistent infection.

IFNR1 antibody blockade before infection also decreased the level of IL-10- and PD-L1-
expressing immunoregulatory DCs (Fig. 2C), leading to an enhanced ratio of stimulatory to
immunoregulatory DCs. Moreover, IFNR1 antibody blockade prevented the splenic
disorganization associated with impaired immune cell interactions and the inability to
control persistent infection (21-23) (Fig. 2D and fig. S3C). Thus, immune cells are likely
better positioned to interact with one another, and, because of the decrease in
immunoregulatory DC frequency, those interactions are more likely to be stimulatory.

We next determined how blockade of IFN-I signaling before infection contributed to control
of persistent infection. Although virus titers were initially increased in mice treated with
IFNR1 blocking antibody, by 30 days postinfection viremia was reduced compared with
isotype treatment, and many of the mice had already controlled infection (Fig. 3A).
Furthermore, virus titers were decreased in multiple compartments, including the kidney (a
life-long reservoir of LCMV-CI13) (Fig. 3B). Mirroring findings in /frarZ~~ mice (16),
IFNR1 blockade in wild-type mice led to persistent infection with LCMV-Arm (fig. S2D),
demonstrating the antiviral activity of IFN-I and its requirement to control acute viral
infection.

We next sought to understand the immune mechanisms through which IFNR1 blockade
enables control of persistent viral infection. IFNR1 blockade before infection induced a
numerical increase in many immune subsets 9 days after infection including the total
number of functional virus-specific CD4 Tcells (Fig. 3C and fig. S4A). However, despite an
overall increase in B cells and CD4 T cells, LCMV-specific antibody titers were not
elevated in IFNR1 blocking antibody—treated mice at day 9 or 30 after infection (fig. S4B).
Unlike virus-specific CD4 T cells, virus-specific CD8 T cell numbers and cytokine
production were similar or slightly reduced when IFN-I signaling was blocked (Fig. 3C and
fig. SAC). On the basis of the increase in natural killer (NK) cells, virus-specific CD4 T
cells, and systemic IFN-vy levels (Fig. 3C and figs. S3B and S4A), we sought to examine the
role of each of these factors in accelerating virus clearance after IFNR1 blockade. CD4
depletion before infection abrogated the accelerated virus control engendered by IFNR1
blockade, whereas NK cell depletion did not affect IFNR1 blockade—mediated clearance
(Fig. 3D). To assess the role of increased IFN-y in IFNR1 blockade—induced virus
clearance, we treated mice with IFNR1 blocking antibody with or without IFN-y blocking
antibodies at the time of LCMV-CI13 infection. The accelerated clearance of persistent
infection after IFNR1 blockade was abrogated in mice cotreated with IFN-y blocking
antibody (anti—-IFN-y) (Fig. 3E). Although occurring later than in IFN-y knockout mice
(24), mice treated with anti—IFN-y alone died ~35 days after infection, whereas mice
receiving IFNR1 blocking antibody plus anti—-IFN-y survived and cleared infection similar
to untreated mice. Together, these results indicate that IFNR1 antibody stimulates
accelerated clearance of persistent virus infection through CD4 T cell and IFN-y—dependent
mechanisms.

We next determined whether therapeutic blockade of IFN-I1 signaling affected an established
LCMV-CI13 infection. Blockade of IFNR1 beginning 25 days after infection accelerated
control of persistent infection in multiple compartments compared with isotype treatment
(Fig. 4, A and B). The enhanced control of infection occurred despite the initial increase in
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virus titers immediately after IFNR1 blocking antibody therapy (Fig. 4A). Blockade of
IFNRL1 beginning 25 days after infection reduced the IFN-I gene expression signature and
decreased I1L-10 and PD-L1 levels (Fig. 4, C and D), demonstrating that IFN-1 continues to
be a key component of an immunologic surveillance system and stimulator of the
immunosuppressive program throughout persistent infection. Thus, therapeutically ablating
chronic IFN-I immune activation in vivo enhances control of persistent LCMV infection.

Our results demonstrate that chronic IFN-I signaling during persistent infection drives the
immunosuppressive program and that interfering with IFN-1 signaling restores multiple
parameters of productive immunity, allowing for viral clearance. IFN-I treatment in
combination with the antiviral drug ribavirin is often effective at eradicating HCV infection.
However, some patients fail to have a sustained virologic response. A characteristic of
patients that fail IFN-1/ribavirin therapy is a heightened IFN-I signature before treatment
that fails to substantially increase with therapy (25, 26). Thus, the initially high IFN-I
signature may lead to enhanced immune dysfunction, and consequently adding more IFN-I
is ineffective. These results highlight the duality of IFN-I during viral infection: Acute IFN-I
signals possess antiviral and immune stimulatory potential required for clearance of
infection, but when virus cannot be controlled, acutely sustained IFN-I signaling induces
immunosuppression that facilitates persistent virus infection. Considering that HIV and
HCV infections are also associated with immune activation driven by chronic IFN-I
signaling (23, 27-29), a similar blockade of IFN-1 may improve control of these infections.
In total, our data support IFN-1 as a central rheostat and regulator of the immunosuppressive
program and the possibility that it may be feasible to redirect entire immunologic programs
by modulating activity of a single pathway: IFN-I.
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Fig. 1. Prolonged I FN-I signaling during persistent infection

(A) Splenic virus titers + SD after acute LCMV-Arm (black) and persistent LCMV-CI13
(red) infection (left). Gene expression kinetics by microarray analysis of the indicated IFNR-
inducible, STAT, and IFN-I regulatory factors (IRFs) in whole spleen tissue after LCMV-
Arm (black) or LCMV-CI13 (red) relative to naive (uninfected) mice. Each value indicates
the average of three to four mice per group per time point. Values are shown without error
bars for clarity, and the Pvalues for each gene are indicated in table S1. PFU, plaque-
forming units. (B) /FNa (left) and /FAB (right) mRNA expression relative to a control gene,
HPRYT, in splenic DCs from naive or LCMV-Arm- or LCMV-CI13-infected mice (day 9).
N.D. indicates that /F/Na or /FAB transcripts were not detected after 40 cycles of
amplification. HPRT mRNA expression was measurable in all samples. (C) Mx1, OAS, and
IRF3mRNA expression relative to HPRT in the indicated IL-10+ (GFP+, green) or 1L-10-
(GFP-, black) splenic DCs (top) or macrophages (bottom) 9 days after LCMV-CI13
infection of Vert-X 1L-10 reporter mice. For (B) and (C), each group is a pool of cells from
six to eight mice and is representative of two independent experiments.
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Fig. 2. Theimmunosuppressive program during persistent infection is dependent on | FN-|
signaling

(A) Representative histograms and summarized quantification of geometric mean
fluorescence intensity (GMFI) show PD-L1 on splenic DCs and macrophages 9 days after
LCMV-CI13 infection in wild-type (WT, black) and /#nar2~/~ (red) mice. Scatter plots show
plasma IL-10 levels on day 9 after LCMV-CI13 infection. Bar graphs measure 1L-10
production by cultured splenocytes (in the absence of exogenous stimulation) isolated 9 days
after LCMV-CI13 infection from WT or /frarZ™/~ mice. Plasma viral titers in WT or
IfnarI™!~ mice on day 9 after LCMV-CI13 infection are shown to the far right. Dashed lines
indicate the level of detection of the plaque assay (200 PFU). (B to D) WT mice were
treated with isotype or IFNR1 blocking antibody beginning 1 day before LCMV-CI13
infection. (B) Graphs indicate GMFI of PD-L1 on splenic CD45+ cells (left), plasma levels
of IL-10 (middle), and plasma viral titers (right) of untreated mice (B6), isotype-treated
mice, IFNR1 blocking antibody (a.IFNR1)-treated mice, and untreated /f7arZ~/~ mice.
Plasma IL-10 levels on day 15 after LCMV-CI13 infection are shown on the far right. (C)
Flow cytometry plots of IL-10 reporter expression (GFP) in splenic DCs from Vert-X mice
treated with isotype or IFNR1 blocking antibody. Bar graphs show the frequency of IL-10
expression and the GMFI of PD-L1 expression by splenic DCs. The ratio of IL-10-
nonproducing to 1L-10—producing DCs is shown on the far right. (D) Hematoxylin and eosin
staining of spleens from naive mice (left) or on day 9 after LCMV-CI13 infection of mice
treated with isotype (middle) or IFNR1 blocking antibody (right). Symbols represent
individual mice with bars indicating the mean of the group. In bar graphs, the data represent
the average + SD of three to six mice per group. All data are representative of two or more
independent experiments. *P < 0.05.
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Fig. 3. IFNR1 blockade enhances control of persistent infection

WT mice were treated with isotype or IFNR1 blocking antibody beginning 1 day before
LCMV-CI13 infection. (A) Plasma virus titers at the indicated time points after infection.
(B) Viral titers in plasma, liver, and kidney 30 days after infection. (C) Graphs indicate total
numbers of IFN-y—expressing and of multicytokine-producing (polyfunctional) LCMV-
GPg1-go—specific CD4 T cells and LCMV-GP33_41—specific CD8 T cells. (D) Plasma viral
titers at day 30 after LCMV-CI13 infection in mice that were either undepleted of cells and
treated with isotype (iso/iso) or IFNR1 (alFNR1/iso) blocking antibody or depleted of CD4
T cells (aCD4) or NK cells (aNK) before infection and IFNR1 blocking antibody treatment.
(E) Plasma virus titers at the indicated time point after LCMV-CI13 infection in mice that
were either treated with isotype or IFNR1 blocking antibody with or without anti—IFN-y
(aIFN-7). xaxis labels indicate (top) IFNRI or isotype and (bottom) cell or IFN-y depleting
antibody treatments. Each symbol in the scatter plots represents an individual mouse with
bars indicating the mean of the group. Dashed lines indicate the level of detection of the
plaque assay (200 PFU). Data are representative of two or more independent experiments.
*P<0.05.
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Fig. 4. Therapeutic IFNR1 antibody blockade dampens the immunosuppr essive program and
facilitates clearance of persistent infection
WT mice were treated with isotype or IFNR1 blocking antibody beginning on day 25 after
LCMV-CI13 infection. (A) Plasma viral titers at the indicated time points. The percent of
mice at each time point exhibiting detectible virus titers is summarized in the kinetic graph
to the right, with the shaded area representing the time of treatment. The data are combined
from two experiments. (B) Viral titers in the plasma, liver, and kidney at day 46 after
LCMV-CI13 infection. (C) OAS, Mx1, and /RF7 mRNA expression relative to HPRT in
splenocytes from naive mice (white) or on day 30 after LCMV-CI13 infection in mice
treated with isotype (black) or IFNR1 (red) blocking antibody. (D) Graphs indicate GMFI of
PD-L1 on splenic dendritic cells (left) and plasma IL-10 levels (right) on day 30 after
LCMV-CI13 infection in mice treated with isotype or IFNR1 blocking antibody. Each
symbol in the scatter plot represents an individual mouse, and bar graphs indicate the
average value + SD. All data are representative of two to five independent experiments. *P

<0.05.
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