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Abstract

The type | interferons (IFN-Is) are critical not only in early viral control but also in prolonged T-cell immune responses.
However, chronic viral infections such as those of human immunodeficiency virus (HIV) and hepatitis C virus (HCV) in
humans and lymphocytic choriomeningitis virus (LCMV) in mice overcome this early IFN-I barrier and induce viral
persistence and exhaustion of T-cell function. Although various T-cell-intrinsic and -extrinsic factors are known to contribute
to induction of chronic conditions, the roles of IFN-I negative regulators in chronic viral infections have been largely
unexplored. Herein, we explored whether 2'-5" oligoadenylate synthetase-like 1 (OASL1), a recently defined IFN-I negative
regulator, plays a key role in the virus-specific T-cell response and viral defense against chronic LCMV. To this end, we
infected Oasl1 knockout and wild-type mice with LCMV CL-13 (a chronic virus) and monitored T-cell responses, serum
cytokine levels, and viral titers. LCMV CL-13-infected Oas/7 KO mice displayed a sustained level of serum IFN-I, which was
primarily produced by splenic plasmacytoid dendritic cells, during the very early phase of infection (2-3 days post-infection).
Oasl1 deficiency also led to the accelerated elimination of viremia and induction of a functional antiviral CD8 T-cell response,
which critically depended on IFN-I receptor signaling. Together, these results demonstrate that OASL1-mediated negative
regulation of IFN-I production at an early phase of infection permits viral persistence and suppresses T-cell function,
suggesting that IFN-I negative regulators, including OASL1, could be exciting new targets for preventing chronic viral
infection.
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and induce the differentiation of effector T cells which are key
adaptive immune cells required for later viral clearance [5,6].
The host immune system can effectively induce virus-specific T-

Introduction

Pattern-recognition receptors (PRRs) displayed on innate

immune cells such as dendritic cells (DCs) and macrophages
(Macs) sense pathogens by recognizing conserved pathogen-
associated molecular patterns (PAMPs) [1,2]. Major trans-mem-
brane PRRs that sense viruses are the Toll-like receptors (TLRs)
such as TLR3, TLR7, and TLRY, and such cytosolic PRRs are
retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) such
as RIG-I and melanoma differentiation-associated gene 5 (MDADS)
[3]. Upon recognition of cognate ligands, these PRRs initiate

various signaling pathways that lead to the production of

inflammatory cytokines, including type I interferons (IFN-Is), such
as IFN-as/ B, which are critical for inhibiting early viral replication
in the host [3,4]. Additionally, antigen-presenting cells (APCs),
particularly DCs, up-regulate co-stimulatory molecules and major
histocompatibility complex (MHC) molecules upon viral sensing

PLOS Pathogens | www.plospathogens.org

cell activation, expansion, and successful generation of memory T
cells upon acute viral infections. However, the immune system
cannot induce such response upon chronic viral infections such as
those of human immunodeficiency virus (HIV), hepatitis C virus
(HCV), or Epstein Barr virus (EBV) in humans, and lymphocytic
choriomeningitis virus (LCMV) in mice. As a result, the hosts live
with a persistent viral load throughout their life-spans and have
fundamentally dysfunctional T cells that produce dampened
effector cytokines [7,8]. Various virus-specific T-cell-intrinsic and
-extrinsic factors have been known to contribute to inducing and/
or maintaining the chronic conditions. Virus-specific T-cell-
intrinsic factors include elevated expression of inhibitory receptors
such as programmed death-1 (PD-1), T-cell immunoglobulin and
mucin protein-3 (TIM-3), cytotoxic T-lymphocyte antigen-4
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Author Summary

Chronic viral infections, such as those of human immuno-
deficiency virus (HIV) and hepatitis C virus (HCV) in
humans, remain serious health problems worldwide,
necessitating alternative targets/reagents for better treat-
ment. Although the production of and/or response to type
| interferon (IFN-I), a critical antiviral reagent, are known to
be dysregulated in chronic viral infections, no serious effort
has been performed to determine whether any host IFN-I
negative regulator can importantly contribute to inducing
and/or maintaining chronic viral infections. In this study,
we used a mouse model of chronic viral infection,
lymphocytic choriomeningitis virus (LCMV) infection, and
asked whether 2'-5' oligoadenylate synthetase-like 1
(OASL1), a recently defined IFN-I negative regulator, plays
a key role in the viral defense against chronic LCMV
infection. Our data show that OASL1 suppresses IFN-I
production during very early phase of infection, thus
inhibits efficient viral control and the induction of
functional virus-specific T-cell response, permitting viral
persistence. These results indicate that OASL1-mediated
suppression of IFN-I production is a critical step for
permitting chronic viral infection and suggest that IFN-I
negative regulators, including OASL1, could be exciting
new targets for preventing chronic viral infection.

(CTLA-4), and lymphocyte-activation gene-3 (LAG-3) [9-14],
whereas virus-specific T-cell-extrinsic factors include altered
antigen presentation by impaired DCs [15], enhanced immune
suppression by regulatory T (Treg) cells [16,17], and increased
immunosuppressive cytokines such as interleukin-10 (IL-10)
[18,19] and transforming growth factor-p (T'GF-B) [20,21].

In addition, suppression of IFN-I production and response could
be a major contributing factor leading to the chronic condition.
Suppression may be a result of the reduced number of plasmacytoid
DCs (pDCs), a major cellular source of IFN-I upon various viral
infections. Indeed, the numbers of pDCs are reduced in humans
and mice during infections with HIV, HCV, EBV, and LCMV [22-
27]. Alternatively, such suppression could be actively regulated by
host- and virus-derived negative factors that act on diverse PRR-
signaling components and two major transcription factors (ITs),
interferon regulatory factor 3 (IRF3) and IRF7 [28-30], involved in
IFN-I production as well as on IFN-I receptor signaling components
involved in the IFN-I response [28-30]. To overcome the
dysregulated IFN-I production, IFN-I has been used clinically to
treat patients infected with certain chronic viruses such as HCV.
However, high dose and long-lasting IFN-I treatment is known to be
necessary to achieve any therapeutic benefit, implying that there are
some underlying mechanisms to negatively regulate the IFN-I
response [31]. Therefore, whether host-derived IFN-I negative
regulator plays any significant role in promoting viral persistence in
the setting of chronic viral infection is quite an important question.

Recently, we showed that 25" oligoadenylate synthetase
(OAS)-like 1 (OASLI), an IFN-stimulated gene (ISG), is a novel
translation inhibitor of IRF7, the IFN-inducible IFN-I master TF,
and negatively regulates robust IFN-I production during acute
viral infections [32]. Therefore, we hypothesized that OASLI
could suppress IFN-I production during chronic LCMYV infection
by inhibiting IRF7 production and permit persistent viral
infection. In the present study, we show that Oasl/ knockout
(KO) mice displayed a sustained level of IFN-I during early viral
infection with LCMV clone 13 (LCMV CL-13, a chronic virus),
controlled viremia quickly and induced better functional T-cell
responses compared with wild-type (WT) mice. In addition, we
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show that IRF7 protein expression was higher in virus-infected
Oasll KO spleen than in WT spleen and that IFN-I receptor
signaling during this early period was necessary for accelerated
viral control and the enhanced T-cell immune response in the
Oasll KO mice. These results indicate that OASLI-mediated
negative regulation of IFN-I production at the early phase of the
infection is critical in permitting viral persistence.

Results

An accelerated control of viremia and a better virus-
specific CD8" T-cell differentiation in Oasl/1 KO mice upon
chronic LCMV infection

To investigate the in vivo role of OASLI in T-cell differentiation
and viral defense upon chronic viral infection, we infected both WT
and Oasl! KO mice with LCMV CL-13 and monitored CD8" T-
cell numbers and phenotypes as well as viral titers in the blood for 35
days (d) post-infection (p.i.). The percentage of total CD8" T cells in
peripheral blood mononuclear cells (PBMCs) became much higher
in KO mice than in WT mice (>3-fold at 15 d p.1.) upon infection
(Fig. 1A and 1B). In addition, the frequency of activated CD8* T
cells expressing CD44 was maintained at a slightly higher
percentage in KO mice than in WT mice after infection (Fig. 1A
and 1B). The CD44-expressing cells in Oas// KO mice at 35 d p.i.
were mostly specific to various LCMV epitopes (approximately 80%
of CD44™ cells) (data not shown). Notably, the number of LCMV
GPs3 41 (GP33) peptide-specific CD8" T cells was more strongly
increased in KO mice compared with WT mice (>10-fold at 15 d
p-i., Fig. 1C and 1D). These results indicate that virus-specific CD8*
T cells undergo much more massive expansion in Oasl/ KO mice
compared with WT mice.

Expression of PD-1 on GP33 peptide-specific CD8" T cells did
not appear to be significantly induced in Oas// KO mice after
LCMV CL-13 infection, although WT mice exhibited strongly
induced PD-1 expression patterns (Figs. 1E and S1A). CD127, a
marker of memory T' cells, was progressively up-regulated in KO
mice but not in WT mice after initial downregulation (Figs. 1E and
S1B). These data imply that CD8" T-cell responses might also be
better qualitatively in Oas// KO mice upon chronic viral infection.
Remarkably, there was complete control of viremia in serum at 15 d
pi in LCMV CL-13-infected Oas// KO mice, but viremia
remained continuously high in WT mice serum by 35 d p.i
(Fig. 1F). Consistent with accelerated viral control in KO mice, the
mice recovered rapidly from an initial loss in body weight, whereas
WT mice did not recover after an even longer period of time (Fig.
S2). As expected, Oas/] KO mice also controlled LCMV Armstrong
(LCMV Arm, an acute strain of LCMV) infection much more
quickly than W'T mice (Fig. S3). Interestingly, the viral titers in Oas(!
KO mice at 4 and 9 d p.i. upon LCMV CL-13 infection were quite
comparable to those in LCMV Arm-infected WT mice (Fig. S3).
The observation that Oasl/ KO mice control the LCMV CL-13
infection as quickly as the WT mice control the LCMV Arm
infection and the known fact that T-cell differentiation occurs
efficiently in WT mice upon LCMV Arm infection [33,34], together
imply that rapid viral control in the blood of Oas/! KO mice upon
LCMV CL-13 infection may be one of the major contributing
factor for the enhanced CD8" T-cell differentiation in the KO mice.

Efficient induction of functional virus-specific T cells in
tissues and complete control of LCMV CL-13 in Oasl1 KO

mice during the late phase of infection
We next asked whether the enhanced immune features observed
in the blood from Oas/ KO mice were also present in tissues at a
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Figure 1. Rapid expansion and maintenance of virus-specific CD8" T cells and accelerated viral control in Oas/7 KO mice during
chronic LCMV infection. WT and Oasl/7 KO mice were infected with LCMV CL-13. (A-E) PBMCs were collected at indicated time points p.i. and
analyzed by flow cytometry. (A) Representative data showing CD8" T-cell percentage (green) among lymphocytes and CD44"" cell percentage (red)
among CD8" T cells. (B) Summary showing CD8" T-cell percentage among lymphocytes and CD44" cell percentage among CD8" T cells. (C)
Representative data showing the frequency of GP33_4; (GP33) tetramer-positive cells among CD8" T cells. Numbers in plots indicate percentage of the
tetramer-positive cells. (D) The numbers of GP33 tetramer-positive CD8" T cells per 10° PBMCs during the course of LCMV CL-13 infection. (E)
Summary showing the PD-1 expression level on GP33 tetramer-positive CD8" T cells as represented by mean fluorescence intensity (MFI), and the
percentage of CD127" cells among GP33 tetramer-positive CD8" T cells. (F) Serum viral titer in WT and Oas/1 KO mice at the indicated time p.i.
Dashed black line represents the virus detection limit. All line graphs show mean = standard deviation (SD). Data are representative of four

independent experiments (n>6 per group in each experiment). ns, not significant; **, P<<0.01; ***, P<<0.001.

doi:10.1371/journal.ppat.1003478.9001

later phase of infection (more than 2 months p.i.). We included
another tetramer specific to GPy76 936 (GP276), an immunodo-
minant epitope other than GP33, to exclude the possibility that the
T-cell responses were virus epitope-specific phenomena. Frequen-
cies and numbers of both GP33- and GP276-specific CD8" T cells
were significantly higher at 75 d p.i. in the spleen and lung of
Oasl] KO mice than in those of WT mice, whereas the frequencies
and numbers of such T cells seemed to be lower in the liver of KO
mice (Fig. 2A and 2B). The observation that a slightly lower
number of virus-specific T cells in the liver (a nonlymphoid tissue)
of Oasll KO mice is not unusual because frequent antigen
exposure to T-cell receptor of CD8" T cells in the condition of
chronic infection is known to enable virus-specific CD8" T cells to
migrate preferentially into nonlymphoid tissues rather than
lymphoid tissues [33]. However, PD-1 expression levels in
GP33- and GP276-specific CD8* T cells were significantly lower
in the spleen, lung, and liver of Oas// KO mice than in those of
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WT mice (Fig. 2C). Furthermore, we observed much higher
frequencies of virus-specific memory CD8" T cells (CD127") in all
the tissues collected from KO mice at 75 d p.i. (Fig. 2D). Even
CD127" CD62L" central memory CD8" T cells were easily
detectable in the spleen of KO mice at 130 d p.i., but to a lesser
extent in W mice (Fig. 2E). Together, these results indicate that
differentiation of virus-specific CD8" T cells progresses more
efficiently in Oasl/ KO mice than in WT mice during the late
period of LCMV CL-13 infection.

To confirm whether virus-specific T cells in KO mice truly
demonstrate better function, we assessed the ability of CD8" and
CD4" T cells to produce effector cytokines such as IFN-y, tumor
necrosis factor alpha (TNF-o), and IL-2 at the individual cell level.
After i vitro restimulation of splenocytes collected at 75 d p.1. with
GP33741 or GP2767286 peptide for CDgJr T cells and GPGG*SO
peptide for CD4* T cells, the IFN-y-producing T-cell population
was detected at a significantly higher level in the Oas// KO sample
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Figure 2. Phenotypic change of virus-specific CD8" T cells in tissues of Oas/7 KO mice during late phase of chronic LCMV infection.
(A-D) Lymphocytes were isolated from the spleen (SP), lung (LG), and liver (LV) of LCMV CL-13-infected WT and Oas/7 KO mice at 75 d p.i. and
analyzed by flow cytometry. (A) Representative data showing the frequency of GP33 and GPs_,s6 (GP276) tetramer-positive cells among CD8" T
cells. (B) Absolute numbers of the tetramer-positive CD8" T cells in the indicated tissues. (C, D) PD-1 and CD127 expression levels on virus-specific
CD8* T cells in the spleen of WT and KO mice. Numbers in the plots indicate PD-1 MFI value (C) on GP33 and GP276 tetramer-positive CD8" T cells
and CD127" cell percentage (D) among the tetramer-positive cells. Blue vertical lines in the plots of (D) divide CD127" and CD127" tetramer-positive
CD8" T cells. The PD-1 MFI values and CD127" cell frequencies in the indicated tissues are also summarized in the graphs. (E) Co-expression pattern of
CD127 and CD62L on virus-specific CD8* T cells ex vivo. Splenocytes isolated from LCMV CL-13-infected WT and KO mice at 75 d p.i. (top) and 130 d
p.i. (bottom) were analyzed by flow cytometry. GP33 and GP276 tetramer-positive CD8" T cells were plotted: the numbers in the plots indicate
percentages of CD127°CD62L" (central memory) and CD127"CD62L" (effector memory). All bar graphs show mean + SD. Data are representative of
at least two independent experiments (n=3-4 per group in each experiment). ns, not significant; *, P<<0.05; **, P<<0.01; ***, P<<0.001.
doi:10.1371/journal.ppat.1003478.9002

data indicate that the rapid viral control in Oas/I KO mice upon
LCMV CL-13 infection could be responsible for the enhanced
multiple immune responses such as increased virus-specific T-cell

than in the WT sample (Fig. 3A and 3B). In addition, the
percentages of cells producing TNF-o or IL-2 among the IFN-y-
producing cells were much higher in KO mice than in WT mice

(Fig. 3A and 3C). The better differentiation and function of virus-
specific CD8" T cells observed in Oasl! KO mice at 75 d p.i. was
maintained at an even later time point (130 d p.i.), although the
frequency of LCMV-specific CD8" T cells became similar to that
of WT by this time point (Figs. S4 and S5).

Although viral titers in the spleen, lung, and liver of both WT
and KO mice at 75 d p.i. were already below a detectable level,
the titer in the kidney (a well-known life-long reservoir of chronic
LCMYV) was detectable, much less in KO mice than in WT mice,
indicating better viral control in KO mice (Fig. 3D, data not
shown). In addition, at 130 d p.i., Oas/] KO mice could eliminate
residual viruses completely even in the kidney, whereas W'T' mice
continued to exhibit high viral titers in the kidney (Fig. 3D). These
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function and memory T-cell formation in KO mice, a condition
that rarely occurs in WT mice during LCMV CL-13 infection. As
a result, Oas/] KO mice completely overcame persistent infection
at the late stage of infection.

The major contribution of virus-specific T-cell-extrinsic
factors in OaslT KO mice to the expansion of virus-
specific CD8" T cells

In the next set of experiments, we attempted to clarify whether
the better virus-specific T-cell responses in the absence of OASLI
protein were caused either by virus-specific T-cell-intrinsic change
or T-cell-extrinsic change. We also wanted to investigate whether

July 2013 | Volume 9 | Issue 7 | 1003478
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Figure 3. Efficient induction of functional virus-specific T cells and complete viral control in Oas/7 KO mice during late phase of
LCMYV infection. (A-C) Lymphocytes were isolated from the spleens of LCMV CL-13-infected WT and Oas/7 KO mice at 75 d p.i. and restimulated in
vitro with GP33 or GP276 peptides for CD8"* T cells and GPeg_g (GP66) peptide for CD4" T cells. (A) Representative data showing the percentages of
cytokine-producing cells among CD8" or CD4* T cells. (B) Absolute numbers of T cells producing IFN-y per spleen. (C) Summary showing the
frequency of TNF-a- or IL-2-producing cells among IFN-y* CD8" or IFN-y" CD4" T cells. Bar graphs show mean + SD. (D) Virus titers in the kidneys
extracted from LCMV CL-13-infected mice at 75 d p.i. (left) and at 130 d p.i. (right). Dashed black line represents the virus detection limit.
Undetectable samples were given 20 PFU per gram. The graph includes individual values with their arithmetic mean. All data are representative of at

least two independent experiments (n=3-4 per group in each experiment). *, P<<0.05; **, P<<0.01; ***, P<0.001.

doi:10.1371/journal.ppat.1003478.g003

the expanded population of virus-specific CD8" T cells in Oasl!
KO mice was due to better proliferation or decreased apoptosis of
such T cells. To address these questions, we employed LCMV
GPs5 4, epitope-specific T-cell receptor (TCR) transgenic mice
(P14 mice). After purifying Thyl.1" CD8" T cells from naive P14
mice, the P14 Thyl.1* CD8" T cells were adoptively transferred
into both naive WT and Oasll KO mice. The following day,
recipient mice were infected with LCMYV CL-13 and sacrificed 5 d
pi. when the virus-specific CD8* T-cell population expands
enormously.

Identical virus-specific P14 CD8" T cells transferred into WT
and KO mice displayed noticeably different responses after the
chronic virus infection. The P14 donor cells exhibited approxi-
mately 3-fold more expansion in Oasl/ KO mice than in WT mice
in vivo (Fig. 4A). When restimulated i vitro with cognate GP33 4
peptide, P14 cells isolated from KO mice at 5 d p.i. generated
many more cells co-producing effector cytokines IFN-vy, TNF-o,
and IL-2, than those from WT mice (Fig. 4B). These results
indicate that virus-specific CD8" T cells respond better to viral
antigens in Oas// KO mice both quantitatively and qualitatively.
Collectively, these data show that unknown T-cell-extrinsic factors
generated in the absence of OASLI protein play a major role in
inciting the donor P14 Thyl.1* CD8" T cells to dramatically
increase expansion and cytokine production at the early phase of
LCMV CL-13 infection.

When the proliferative capacity of T cells was monitored at 5 d
p-i. by measuring the expression of Ki67 (a marker of recently
proliferated cells) ex vivo, the expression level of Ki67 within the
Thyl.1" CD8" T-cell population in Oas// KO mice was similar to
that in WT mice (Fig. 4C). However, when the apoptotic
phenotype of Thyl.1" CD8* T cells was monitored by measuring
the surface expression of Annexin V (AV) and permeability of 7-
amino-actinomycin D (7AAD) into cells ex viwo, early apoptotic
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AV* 7AAD™ cells were present more frequently in WT mice than
in KO mice (Fig. 4D). By contrast, the non-apoptotic population
(AV" 7AAD ) was much larger in KO mice than in WT mice
(Fig. 4D). These results suggest that the extrinsically driven rapid
expansion of donor P14 T cells in Oas// KO mice is due to better
survival rather than proliferation of donor T cells.

Prolonged IFN-I production in Oas/T KO mice during the
early phase of LCMV CL-13 infection as a T-cell-extrinsic

factor

To explore which T-cell-extrinsic factors play major roles in the
early rapid expansion of CD8" T cells in Oasll KO mice, we
measured the levels of major inflammatory cytokines in serum and
those of co-stimulatory/MHC molecules expressed on splenic DCs
during the early phase of LCMV CL-13 infection. The serum
levels of IFN-I were sustained longer in Oas// KO mice than in
WT mice from 2 d to 3 d p.i. (Fig. 5A). However, the serum levels
of other major cytokines such as IL-6, IL-10, TNF-o, and IFN-y
did not show any meaningful difference between WT and Oasl!
KO mice at 2 d p.i. but displayed moderately higher signals in KO
mice at 3 d p.a. (Fig. S6). This more upregulation of other
cytokines at 3 d p.i. in KO mice is thought to be secondarily
caused by early sustained IFN-I produced in KO mice [35-39].
The expression levels of co-stimulatory molecules and MHC
molecules on different subsets of splenic DCs were not higher in
Oasll KO mice than in WT mice early after LCMV CL-13
infection (Fig. S7). These results together suggest that IFN-I, a
known T-cell survival factor, among extrinsic factors such as
cytokines, co-stimulatory molecules, and MHC molecules, sus-
tained longer in Oasl/ KO mice during the very early stage of
infection, may play a critical role in initiating massive expansion of
virus-specific CD8" T cells.
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Figure 4. Better responses of virus-specific CD8" T cells and their prolonged survival in Oas/7 KO mice due to virus-specific T-cell-
extrinsic factors. GP33-specific TCR transgenic CD8" T cells, P14 cells, were obtained from naive P14 Thy1.1 congenic mice. 5x10% of P14 Thy1.1*
CD8" T cells were adoptively transferred into WT and Oasl/T KO mice. The next day, both recipient mice were infected with LCMV CL-13 and
splenocytes were isolated from the mice at 5 d p.i. (A) Massive expansion of virus-specific donor CD8" T cells in the KO mice. Numbers in the
representative plot (left) indicate the frequency of donor P14 Thy1.1" CD8* T cells among splenocytes while the absolute numbers of donor P14
Thy1.1* CD8" T cells present per recipient spleen are summarized in the graph (right). (B) Cytokine production from donor P14 Thy1.1* CD8" T cells
after in vitro restimulation with GP33 peptide. Representative plots (left) are shown for co-expression of IFN-y and TNF-a or IFN-y and IL-2 on donor
P14 Thy1.1* CD8" T cells; summarized graph (right) for the frequency of TNF-a- or IL-2-producing cells among IFN-y* CD8" T cells. (C) Proliferative
capability measurement on donor P14 Thy1.1* CD8" T cells by direct ex vivo staining. Representative Ki67 expression levels (MFIs, left) and
summarized levels (right) on donor P14 Thy1.1* CD8" T cells are shown. Shade histogram indicates Ki67 expression level on P14 Thy1.1" CD8" T cells
before adoptive transfer (a.t.); black line and red line histograms indicate Ki67 expression levels on P14 Thy1.1" CD8" T cells at 5 d p.i. after a.t. into WT
and KO mice, respectively. (D) Cell death susceptibility of donor P14 Thy1.1* CD8" T cells. Representative (left) and summary (right) data after direct
ex vivo staining of splenocytes for Annexin V (AV) and 7AAD. Donor P14 Thy1.1* CD8" T cells were analyzed. Data are given as mean + SD. Data are

representative of two independent experiments (n=4 per group in each experiment). ns, not significant; **, P<0.01; ***, P<<0.001.

doi:10.1371/journal.ppat.1003478.9g004

Higher production of IRF7 protein but similar production

of IRF3 in LCMV CL-13-infected Oas/1 KO mice

We previously reported that Oasll KO cells produce more IFN-
I upon acute viral infection, which was caused by higher
production of IRF7 proteins in KO cells [32]. Thus, we next
asked whether chronic LCMYV infection also caused higher IRF7
protein production in Oasll KO mice to produce the sustained
IFN-I. To this end, we first determined the tissue that had the
highest IFN-I expression after LCMV CL-13 infection. Among the
four tissues that we collected at 2 d p.i., at the time point when the
IFN-I level in serum was clearly stronger in KO mice, the spleen
showed the most dominant expression of IFN-I mRNA: a 20-fold
more IFN-I mRNA signal compared with other tissues of both
WT and KO mice (Fig. S8). Importantly, in the spleen, the IFN-I
mRNA level was significantly higher (6- to 8-fold) in KO than in
WT mice. Thus, we next focused on spleens to measure the
expression of two major TTs responsible for IFN-I mRNA
expression during early LCMV CL-13 infection. Upon LCMV
CL-13 infection, as expected, IRF7 mRNA (but not IRF3 mRNA),
similar to IFN-I mRNA and OASL]1 mRNA, was strongly induced
at 1 d p.i. and declined over the next several days (Fig. 5B). Similar
to serum IFN-I levels (Fig. 5A), Oasl! KO spleens expressed much
more IFN-I mRNA during the declining several days. Consistent
with our previous report that OASLI specifically inhibits the
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translation of IRF7 mRNA upon viral infection, IRF7 protein
levels were much higher in Oasll KO cells during the days,
whereas IRF3 protein levels were similar between WT and KO
spleens (Fig. 5C). These results together indicate that the more
production of IFN-I in the Oasll KO mice during the early phase
of LCMYV CL-13 infection was caused by high production of IRF7
proteins in Oasll KO mice.

Splenic pDCs as a major source of IFN-I during the early
phase of LCMV CL-13 infection in Oas/T KO mice

We next investigated which cell types are the major source of
better IFN-I production in LCMV-CL-13-infected Oasl/ KO
mice. Because major cell types known to produce IFN-I after viral
infection  wviwo are pDCs, conventional DCs (cDCs) including
myeloid DCs (mDCs) and lymphoid DCs (IDCs), and Macs [35],
we sorted these IFN-I-producing cell types and, as a negative
control, polymorphonuclear cells (PMNs) and monocytes (Mos)
from splenocytes of WT and Oas// KO mice at 2 d p.i. (Fig. S9),
followed by measurement of their IFN-I gene expression levels.
Although splenic ¢cDCs and Macs of Oas// KO mice produced
more IFN-Is than WT mice, pDCs defined as
CD11c™B220"CD8™ ™ were the most dominant cellular source
for the sustained, higher IFN-I levels observed in the serum of
LCMV-CL-13-infected Oasll KO mice at the very early stage of
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Figure 5. Production of sustained IFN-I and higher IRF7 protein in Oas/7 KO mice early after LCMV CL-13 infection and the cellular
sources of the IFN. WT and Oas/1 KO mice were infected with LCMV CL-13 and their sera (A), spleens (B-C), and sorted splenic cells (D) were
analyzed. (A) The levels of IFN-o. and IFN-f in the sera were measured by ELISA. Line graphs are shown as mean = SD. The data are representative of
at least four independent experiments (n>5 per group in each experiment). (B) mRNAs prepared from the spleens were analyzed by quantitative RT-
PCR at the indicated days: mRNA expression levels (n =3 per group) normalized to Gapdh was recalculated by dividing each expression value with the
least mMRNA expression value among the samples and shown as a relative mRNA level. (C) The protein levels for OASL1, IRF7, IRF3, and B-actin
(loading control) were measured by immunoblot. (D) mRNA expression levels of IFN-1 and OASL1 for the sorted cell populations following the sorting
strategy shown in Figure S9. The mRNA expression level (n=3 per group) of Ifna2, Ifna5/6/13, Ifnb1, or Oasl1 normalized to Gapdh was shown as a
relative mRNA level. All bar graphs show mean + SD. Data of (B-D) are representative of two independent experiments. ns, not significant; *, P<0.05;

**, P<0.01; ***, P<0.001.
doi:10.1371/journal.ppat.1003478.9005

infection: pDCs in Oas// KO mice had more than 10-fold higher
IFN-I mRNA levels than cDCs and Macs, and pDCs in Oasll KO
mice had a more than 8-fold higher expression of IFN-I mRNAs
than those in WT mice (Fig. 5D). However, the expression of
OASLI in these cells was not directly inverse-correlated with IFN-
I expression level (Fig. 5D), indicating that other cellular factors
also affect IFN-I expression levels (See Discussion).

The critical role of IFN-I receptor signaling on the better
virus-specific CD8" T-cell response in Oas/1 KO mice

We next asked whether IFN-I receptor signaling in Oasl] KO
mice is essential for the massive expansion of CD8" T cells and the
accelerated viral control in KO mice. To address this question, we
performed i vivo blockade experiments using an antibody against
the IFN-a/ receptor 1 IFNAR-1), which efficiently blocks IFN-I
receptor signaling caused by IFN-I [40,41]. At 1.5 d after LCMV
CL-13 infection, the time point just before the serum level of IFN-I
began to show a real significant difference between W' and Oasl
KO mice (Fig. 5A), Oasll KO mice were treated with either
IFNAR-1 antibody or its isotype control, and WT mice were
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treated with phosphate-buffered saline (PBS) as another control.
IFNAR-1 antibody-treated Oasll KO mice and PBS-treated WT
mice displayed much more similar patterns in both body weight
changes and serum viremia than isotype-control-treated Oasll KO
mice (Figs. 6A and 6B). Furthermore, the spleen and blood of
IFNAR-1 antibody-treated Oas/! KO mice showed rather typical
phenotypes of CD8" T cells that have been observed in
chronically-infected WT mice, such as a moderate frequency of
LCMV-specific CD8" T cells, high expression of PD-1, and
impaired induction of effector cytokines (Fig. 6C and 6D). By
contrast, isotype control-treated Oasl/ KO mice did not show such
chronic infection phenotypes. Collectively, these data indicate that
the better virus-specific CD8" T-cell responses and accelerated
virus control in Oasll KO mice need IFN-I receptor signaling
triggered by sustained IFN-I in KO mice.

Discussion

In the present study, we showed that Oasl/ KO mice produced
sustained level of IFN-I during the very early phase (2-3 d p.i.) of
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Figure 6. Effect of early in vivo blockade of IFN-1 receptor signaling on viral clearance and virus-specific CD8" T-cell responses in
Oasl1T KO mice. Mice were infected with LCMV CL-13. At 1.5d p.i., 0.5 mg IFNAR-1 mAb (aIFNAR-1) or its control isotype Ab (Isotype) was
administrated i.v. once into Oas/T KO mice. PBS was injected into WT mice as another control. (A) Changes in body weight at the indicated time
points. (B) Serum virus titers of mice at indicated time points p.i. Vertical arrowhead indicates the time point of antibody injection and dashed black
line represents the virus detection limit. (C) Frequencies of virus (GP33 and GP276)-specific CD8" T cells and their PD-1 expression levels in the spleen
at 35 d p.i. Numbers in the plots (left) indicate the percentages of the corresponding cell population among CD8" T cells. Absolute numbers of GP33
tetramer-positive CD8" T cells (top right) and PD-1 MFI values for GP33 tetramer-positive CD8" T cells (bottom right) were also depicted. (D) Cytokine
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P<0.01; ***, P<0.001.
doi:10.1371/journal.ppat.1003478.9g006

chronic LCMV CL-13 infection, cleared the virus quickly (earlier
than 15 d p.i.) from the blood circulation, and induced rapid
expansion of virus-specific effector T cells. We also showed that
Oasl] KO mice cleared the virus even from the kidney, a place for
long-lasting existence of LCMV CL-13, at the late phase of
infection (by 130 d p.i.) and induced the production of polyfunc-
tional virus-specific memory CD8" T cells. Furthermore, we
showed that IFN-I receptor signaling during the very early stage of
LCMV CL-13 infection was necessary for the higher T-cell
number, efficient T-cell differentiation, and early viral control in
Oasl] KO mice.

The sustained production of IFN-I and more effective viral
clearance in Oasll KO mice after chronic LCMV CL-13 infection
observed in the present study resembles our previous observation
that Oas// KO mice are more resistant to acute infections with
encephalomyocarditis virus and herpes simplex virus-1 and
produce higher levels of IFN-I [32]. Because OASLLI is a specific
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translation inhibitor of IRF7, the IFN-inducible IFN-I master TF,
the sustained and stronger expression of IFN-I in Oasl/ KO mice
upon LCMYV infection is thought to be caused by the release of
such inhibition and effective activation of the more translated
IRF7 protein in KO mice. Indeed, we observed that the IRF7
protein level in Oas/! KO mice was much higher during the early
phase of chronic LCMV CL-13 infection (Fig. 5C). Because most
viruses induce IFN-I and in turn IRF7 expression and can activate
the resulting IRF7 protein effectively, Oasl/ KO mice are expected
to be resistant to most viral infections that do not produce viral
effectors to degrade the function of IRF7. Consistent with this
expectation, Oasll KO mice turned out to be more resistant to
chronic LCMV CL-13 infection as well as acute LCMV Arm
infection (Figs. 1F and S3), although LCMYV is equipped with
nucleoprotein (NP), a virus-derived IFN-I negative regulator that
interferes with activation of IRF3 [42-44]. In both acute LCMV
Arm and chronic LCMV CL-13 infections, OASL] expression
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was similarly strongly induced (>20-fold) during the very early
phase of infection, and then declined gradually (1-4 d p.1.) (Fig.
S510). However, at later time points (9-15 d p.1.), only with LCMV
CL-13 infection, OASL] expression was still marginally up-
regulated (Fig. S10), which would reflect the presence of viruses in
the mice infected with LCMV CL-13 (Figs. 1F and S3). Therefore,
as expected, the mRNA expression of OASLI (as an ISG) is
dominantly regulated by IFN-I induced upon viral infection.

The cellular source of IFN-I upon chronic LCMV CL-13
infection seems to include pDCs and other innate immune cell
types such as cDCs and Macs as recently reported [45,46]. Among
these cells, we showed in our study that the critical cellular source
for the sustained and higher serum IFN-I level in Oas/I KO mice
at the early stage of infection (2 d p.i. when the IFN-I level in
serum became clearly stronger in the KO mice than in WT mice)
was pDCs (CD11¢™B220"CD8" ™), although ¢DCs and Macs of
Oasl1 KO mice also produced significantly more IFN-I than those
of WT mice (Fig. 5D). However, IFN-I expression in these cells
was not inversely correlated with OASLI expression in these cells,
indicating that other factors also affect the expression of IFN-I.
The pDC-dominant IFN-I production in Oasl/ KO mice at the
early stage of LCMYV CL-13 infection could be explained by the
differences in expressed viral sensors and in IRF7 expression levels
among these cells, with the demonstrated role of OASLI as a
specific IRF7 translation inhibitor. It has been well known that
c¢DCs and Macs express viral sensors such as TLR3 and RIG-1/
MDAD5 that sense dsRNA produced during viral replication,
including that of the ssRNA virus LCMV, whereas pDCs
dominantly express TLR7 that sense ssRNAs and TLR9 that
sense DNAs among known viral sensors [35,47]. Because the IRF7
expression level in pDCs is much higher than that in ¢cDCs and
Macs at a steady state (data not shown) [48,49], and cell
membrane-associated receptor TLR7 can sense the ssRNA viral
genome directly even without viral replication upon LCMV
infection, pDCs are expected to produce IFN-I initially by sensing
the viral genome first and inducing activation of IRF7 protein
[4,45]. After initial production of IFN-I, pDCs would amplify IFN-
I production by inducing an IFN-I-mediated positive feedback
signaling loop in an autocrine fashion, leading also to accumula-
tion of IRF7 mRNA [4,50]. In this later phase of IFN-I
production, IRF7 protein levels would be much higher in Oasl!
KO pDGCs than in WT pDCs because OASLI protein derived
from Oasll mRNA induced by the IFN-I-mediated positive
feedback signaling loop would inhibit IRF7 translation in WT
cells. Thus, Oasll KO pDCs could produce much higher levels of
IFN-I at the very early stage of LCMV infection: we observed a
more than 8-fold higher IFN-I level in KO cells than in WT cells
(Fig. 5D).

In addition to reducing viral titers during the early phase of viral
infection, such a sustained level of IFN-I in Oas/l KO mice might
act directly and indirectly on CD8" T cells to enhance their
numbers and function. IFN-I receptor signaling in CD8" T cells
triggered by the sustained IFN-I level in KO mice appears to be
critical for the massive expansion of virus-specific CD8" T cells,
given that such signaling in CD8* T cells is known to prevent
apoptosis of T cells  wvivo, allowing clonal expansion and
differentiation upon viral infection [51-56]. CD4" T cells could
also be a direct target for IFN-I in KO mice because IFN-I was
reported to act directly on CD4" T cells to sustain their clonal
expansion [57] and promote Th1 differentiation i vivo [58-60]. In
addition to the direct IFN-I effect on T cells, IFN-I was reported to
enhance the function of DCs by inducing maturation, such as
upregulation of costimulatory molecules and MHC class molecules
[61-63]. However, a sustained and increased level of IFN-I in
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Oasl] KO mice does not seem to critically affect DC maturation in
the setting of chronic LCMV infection because there was no
apparent difference in the expression of costimulatory molecules
and MHCs in DCs isolated from WT and Oasl/ KO mice (Fig.
S7). The level of IFN-I produced in WT mice could be sufficient to
induce DC maturation, and its higher and sustained level in Oasl!
KO mice might not create any additional effects on DC
maturation. It would be interesting, in the future, to determine
whether other types of cells influenced by IFN-I also contribute to
the better virus-specific CD8" T-cell response observed in Oasll
KO mice.

The complete elimination of chronic virus and efficient
induction of the adaptive immune response in Oas/] KO mice
observed in this study is extraordinary because WT mice infected
with chronic LCMV CL-13 suffer from a sustained viral load
throughout their life spans and have fundamentally dysfunctional
T cells [34]. There has been considerable number of molecules
known to significantly affect viral persistence like an OASLI. For
example, functional blockage of IL-10, a well-known immuno-
suppressive molecule, during the chronic phase of LCMV CL-13
infection reduced viral load; IL-21 receptor signaling in CD8" T
cells was critical for limiting LCMV viral load i viwo; IL-7, the
major T-cell survival factor, enhanced LCMYV viral clearance; the
functional blockage of PD-1, a T-cell-intrinsic signaling inhibitor,
led to LCMYV viral load reduction [19,64-66]. However, most of
these previously characterized molecules, if not all, are not related
directly to IFN-I production and its regulation but are mostly
involved in controlling adaptive immune responses. Therefore, our
report demonstrating the critical role of OASLI, as a direct
negative regulator of IFN-I production, in permitting chronic viral
persistence is, to our knowledge, the first demonstration of a role of
any host IFN-I negative regulator in viral clearance in the setting
of chronic infection.

The negative role of OASLI, as an IFN-I negative regulator, in
viral clearance suggests that inhibition of the expression/function
of OASLI or IFN-I treatment during the early phase of chronic
viral infections could prevent viral persistence. Indeed, a recent
study showed that IFN-I treatment in WT mice at 3 d and 5 d p.i.
(when the IFN-I level is downregulated after its initial peak) after
LCMV CL-13 infection dramatically reduced the LCMV viral
load and promoted virus-specific CD8 T-cell responses [46]. This
observation is consistent with our data that a sustained level of
IFN-I at approximately 2—4 d p.i. in Oas/] KO mice led to rapid
control of viremia and functional virus-specific T-cell responses.
However, in the previous study, IFN-I treatment in WT mice later
than 1 week of infection did not have any meaningful effect on
viral load [46], suggesting that the timing of IFN-I treatment is
critical for controlling viremia and restoring the T-cell response
and that other factors may degrade IFN-I-mediated responses.
Given that the ineffectiveness of exogenous IFN-I at the later
phase of chronic virus infection, it is worthwhile to note that Oasl/
expression in pDCs was still sustained at a later phase (30 d p.i.) of
chronic LCMV CL-13 infection but not of acute LCMV Arm
infection, whereas Ifra/b1 expression in the pDCs returned to the
basal level by that phase in both LCMV infections (Fig. S11).
Therefore, it is possible that, at the later phase of chronic viral
infection, exogenously administered IFN-I itself is not sufficient to
induce an adequate level of IFN-I production for viral clearance
because the production of IRF7 protein, the key player necessary
for going through the IFN-I-mediated positive feedback signaling
loop, would still be inhibited by OASLI protein. In this regard,
suppression of OASLI function or expression during the chronic
phase of LCMYV infection may help to eliminate the virus by
releasing  OASLI1-mediated suppression of IFN-I production,
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although we cannot exclude the possibility that other factors,
including other IFN-I negative regulators, still promote viral
persistence.

Our results showing that reversal of the defective production of
IFN-I during chronic virus infection by nullifying OASLI can
inhibit viral persistence raise the possibility that inhibiting the
functions of other negative regulators acting on the process of IFN-
I production and/or IFN-I receptor signaling pathways would
improve the host defense against chronic viral infections. Peptidyl-
prolyl cis/trans isomerase NIMA-interacting 1 (Pin 1), which
induces degradation of IRF3 protein, and two ubiquitin E3 ligases,
tripartite motif-containing 21 (TRIM21) and RTA-associated
ubiquitin ligase (RAUL), which induce the degradation of both
IRF3 and IRF7 proteins [28,67], are host factors more directly
involved in negatively regulating IFN-I production. Negative host
factors involved in IFN-I receptor signaling pathways include
inhibitors of the JAK-STAT signaling pathway downstream of the
IFN-I receptor such as Suppressor of cytokine signaling (SOCS),
Src homology 2-containing protein tyrosine phosphatase (SHP),
and protein inhibitors of activated STAT (PIAS) [68,69]. Because
most of the currently known negative factors not only regulate
IFN-I but also other cytokines [28], OASLI is a rather unique host
negative factor regulating IFN-I production that specifically
functions in IRF7 protein production. In the future, a combina-
torial approach for controlling the expression and/or function of
OASLI and regulating diverse other targets might be worthy of
mvestigation. However, blockade of virus-encoded IFN-I suppres-
sors may also be necessary for these approaches to be more
effective.

Materials and Methods

Ethics statement

All animal experiments were performed in accordance with the
Korean Food and Drug Administration (KFDA) guidelines.
Protocols were reviewed and approved by the Institutional Animal
Care and Use Committee JACUC) of the Yonsei Laboratory
Animal Research Center (YLARC) at Yonsei University (Permit
Number: 2007-0001).

Mice, infection, and titration

C57BL/6 mice were purchased from the Jackson Laboratory,
and LCMV CL-13 epitope-specific TCR transgenic P14 Thyl.1
mice were obtained from the Emory Vaccine Center. Oasll KO
mice were derived from our previous study [32]. All mice were
maintained in the specific pathogen-free facility of the YLARC: at
Yonsei University. Six- to ten-week-old littermate female or male
C57BL/6 WT and Ouasl] KO mice were infected with 2x10°
plaque-forming units (PFUs) of LCMV CL-13 or LCMV Arm
diluted in serum-free RPMI medium per 20 g of mouse body
weight by intravenous (i.v.) injection. For serum virus titration,
three to five drops of blood were collected at the indicated time
points p.i., and the serum was directly stored at —70°C. For tissue
virus titration, small pieces of the spleen, lung, liver, and kidney,
were put in Dulbecco’s modified Eagle’s medium (DMEM)
containing 1% fetal bovine serum (FBS) (Gibco) and stored at
—70°C. The tissues were later homogenized completely using a
homogenizer (Kinematica) before titration. Viral titers from sera
or homogenized samples were determined by plaque assay on
Vero cells as previously described [33].

Cell isolation, antibodies, and staining

PBMCs were isolated from peripheral blood using density
gradient centrifugation underlaid with histopaque-1077 (Sigma-
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Aldrich). Lymphocytes from tissues, including the spleen, lung,
and liver, were isolated as previously described [9]. Lungs and
livers were perfused with ice-cold PBS before collection for
lymphocyte isolation. For phenotypic analysis of virus-specific
CD8" T cells derived from peripheral blood and tissues, single-cell
suspensions were stained with CD4 (RM4-5), CD8a (53-6.7),
CD44 (IM7), CD62L (MEL-14), CD127 (A7R34), and PD-1
(RMP1-30) antibodies in the presence of each tetramer. H-2D"
tetramers bound to GPs34; and GPyj6 086 peptides were
generated and used as previously described [70]. Pieces of spleen
were digested with 1 mg/ml of type II collagenase (Worthington
Biochemicals) and 1 mg/ml of bovine pancreatic DNase I (Sigma-
Aldrich) as previously described for the analysis of splenic DCs,
Macs, and PMNs/Mos at the indicated time points after LCMV
CL-13 infection [71]. The resulting splenocytes were mixed with
CD16/CD32 (2.4G2) antibodies and stained with CD3e (145-
2C11), CD19 (1D3), CD49b (DX5), CD11c (HL-3), CD11b (M1/
70), F4/80 (BM8), CD8a (53-6.7), and B220 (RA3-6B2) antibod-
ies. Splenocytes were co-stained with CD40 (3/23), CD80 (16-
10A1), CD86 (GL1), H-2K" (AF6-88.5), I-A/I-E (M5/114.15.2),
and PD-L1 (MIHS5) antibodies, or their isotype antibodies to detect
various accessory molecules in different subset of DCs. After 5 h of
wm vitro restimulation of splenocytes with 0.2 pg/ml of LCMV
GPs3 41 or GPyysg 956 peptide to induce a CD8* T-cell response,
and with 1.0 pg/ml of GPg g0 peptide to induce a CD4" T-cell
response, in the presence of Golgi plug/Golgi stop (BD
Biosciences), intracellular staining for cytokines was performed
using IFN-y (XMG1.2), TNF-o0 (MP6-XT22), and IL-2 (JES6-
5H4) antibodies. To measure the proliferation capability ex vivo,
splenocytes were stained with a Ki67 antibody (B56). For direct
analysis of apoptosis ex viwo, splenocytes were briefly incubated
with Annexin V and 7AAD (BD Biosciences). All antibodies were
purchased from BD Biosciences except for CD127, CD11b, F4/
80, I-A/I-E, PD-L1 (eBioscience), and PD-1 antibodies (BioLe-
gend). The Live/Dead fixable dead cell Stain kit (Invitrogen) was
used to remove the dead cell population in most staining
procedures, except in ex wvwo apoptosis staining. All stained
samples were read using FACSCalibur and FACSCantoll
mstruments (BD Biosciences) and analyzed using Flow]Jo software
(Tree Star).

Cell sorting and adoptive transfer

The splenocytes digested with type II collagenase and DNase I
were incubated with a cocktail of biotin-conjugated antibodies and
anti-biotin  beads (Miltenyi Biotech) and were subsequently
depleted of T, B, and natural killer (NK) cells. The resulting
splenocytes were mixed with CD16/CD32 (2.4G2) antibody and
incubated with CD11c beads (Miltenyi Biotech). After magnetic
separation, the bead-attached cells were stained with CD11c (HL-
3), CD8a (53-6.7), and B220 (RA3-6B2) antibodies for sorting
c¢DCs and pDCs, and the unattached cells were stained with
CD11b (M1/70) and F4/80 (BM8) antibodies for sorting Macs
and PMNs/Mos. The stained cells were sorted using a FACSAr-
iall instrument (BD Biosciences). For adoptive transfer of P14
Thyl.1* CD8" T cells, cells were isolated from the spleen of B6
P14 Thyl.l1" mice using a CD8" T-cell isolation kit (Miltenyi
Biotec). Mice were infected with LCMV CL-13 at 1 d after the
adoptive transfer of 5x10% P14 Thyl.1* CD8" T cells via the tail
vein into naive WT or Oas{! KO mice.

Enzyme-linked immunosorbent assay (ELISA), cytometric
bead array (CBA), and immunoblot analysis

Sera were obtained from WT and KO mice at the indicated
time points after LCMV CL-13 infection for measurement of
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cytokines. The IFN-I levels in the sera were measured using
VeriKine Mouse Interferon Alpha and Beta ELISA kits (PBL
interferon source). Other cytokine levels in the sera were measured
using BD CBA mouse inflammation kits (BD Biosciences)
according to the manufacturer’s instructions. For immunoblot
analysis, snap-frozen tissues were homogenized in NP-40 buffer
[50 mM Tris-HCI (pH 8.0), 150 mM NaCl, and 1% NP-40] with
a protease inhibitor ‘cocktail’ (1 mM PMSF, 10 pg/ml aprotinin,
5 pg/ml pepstatin and 5 ug/ml leupeptin) by sonication, and the
tissue lysate was centrifugated at 17,000 g for 10 min at 4°C for
removal of tissue debris. Equal amounts of proteins were analyzed
by immunoblotting using IRF7 (51-3300, Zymed), IRF3 (51-3200,
Zymed), B-actin (A2228, Sigma-Aldrich) and OASL1 [32]
antibodies, and signals developed with Amersham ECL reagents
were detected using the ImageQuant LAS 4000 system (GE
Healthcare).

In vivo blockade of IFN-I receptor signaling

To block IFN-I receptor signaling i vivo, 0.5 mg (per mouse) of
anti-mouse IFNAR-1 monoclonal antibody (clone MARI1-5A3;
BD Biosciences) was administered to Oasl/ KO mice 1.5 d p.i.
by iv. injection. PBS and mouse IgGl (MOPC-21, isotype
control) were injected into WT and KO mice, respectively, at the
same time point. Body weight was monitored every 2, 3, or 4 d,
and serum was collected at 6, 8, and 15 d p.. All mice were
sacrificed at 35 d p.., and their spleens were harvested and
analyzed.

RNA analysis by quantitative reverse transcription-
polymerase chain reaction (RT-PCR)

Tissues from animals were snap-frozen in liquid nitrogen after
perfusion with 5 mM ethylenediaminetetraacetic acid in PBS and
sorted cells were pelleted by centrifugation before lysis. Total RNA
from the tissues and cells were purified using TRIzol RNA
Isolation Reagent (Invitrogen), and cDNAs were synthesized using
SuperScript II Reverse Transcriptase according to the manufac-
turer’s protocol (Invitrogen). The expression levels of individual
genes were measured by quantitative PCR (qPCR) performed
using the CFX96 real-time PCR detection system (Bio-Rad) with
the following gene-specific forward (F) and reverse (R) primers:
Ouasll F: CCAGGAAGAAGCCAAGCACCATC and R: AGGT-
TACTGAGCCCAAGGTCCATC; If7 F: CAGCAGCAGT-
CTCGGCTTGTG and R: TGACCCAGGTCCATGAGGAA-
GTG; I3 F: CTGGACGAGAGCCGAACGAG and R: TGT-
AGGCACCACTGGCTTCTG; Ifna2 F: AAGGACAGGCAG-
GACTTTGGATTC and R: GATCTCGCAGCACAGGGA-
TGG; Ifna5/6/13 F: AGGACTCATCTGCTGCATGGAATG
and R: CACACAGGCTTTGAGGTCATTGAG; Ifnbl F: CCA-
CTTGAAGAGCTATTACTG and R: AATGATGAGAAAGT-
TCCTGAAG; Gapdh F: GGCAAATTCAACGGCACAGTCA-
AG and R: TCGCTCCTGGAAGATGGTGATGG. The rela-
tive mRNA expression normalized to the Gapdh signal was shown.
The qPCR reaction conditions were as follows: after initial
denaturation of the template for 3 min at 95°C, 45 thermal cycles
of 15 sec at 95°C, 25 sec at 60°C, and 30 sec at 72°C were run in
a final volume of 20 pl using SYBR Green I dye for PCR product
detection (Qiagen) according to the manufacturer’s instructions.

Statistical analysis

Statistical analysis of all presented data was performed using a
two-tailed unpaired Student’s ttest using Prism 5.0 software
(GraphPad). A P value less than 0.05 was considered statistically
significant.
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Sequence information for genes and proteins

The list of GenBank accession numbers for the major genes and
proteins that are mentioned in the text are as follows: OASLI,
NP_660210 (NM_145209); TLR3, NP_569054 (NM_126166);
TLR7, NP_573474 (NM_133211); TLR9, NP_112455 (NM_
031178); RIG-I, NP_766277 (NM_172689); MDA5, NP_
001157949 (NM_001164477)); IFN-o, NP_034632 (NM_010502);
IFN-B, NP_034640 (NM_010510); PD-1, NP_032824 (NM_
008798); TIM-3, NP_599011 (NM_134250); CTLA-4, NP_033973
(NM_009843); LAG-3, NP_032505 (NM_008479); IRF3, NP_
058545 (NM_016849); IRF7, NP_058546 (NM_016850); Pin 1,
NP_075860 (NM_023371); TRIM21, NP_001076021 (NM_
001082552); RAUL, NP_001003918 (NM_001003918); IFNAR,
NP_034638 (NM_010508); PIAS, NP_001159421 (NM_001165949).

Supporting Information

Figure S1 No significant upregulation of PD-1 but fast
recovery of CD127 expression on virus-specific CD8" T
cells of PBMCs in Oasll KO mice after LCMV CL-13
infection. WT and Oas/! KO mice were infected with LCMV
CL-13 and PBMCs were collected at indicated time points p.i. (A)
Representative data showing PD-1 expression levels on both GP33
tetramer-positive and -negative CD8" T cells (left panel) and its
levels on GP33 tetramer-positive CD8" T cells (right panel). (B)
Representative data showing CD127 expression levels on both
GP33 tetramer-positive and negative CD8* T cells (left panel) and
its levels on GP33 tetramer-positive CGD8" T cells (right panel).
Blue vertical lines in the plots of (B) divide CD127" and CD127~
tetramer-positive CD8* T cells. Numbers in contour plots of (A)
and (B) indicate the percentages for the corresponding cell
populations. Numbers in histograms represent the value of PD-1
MFI (A) and the percentage of CD127" cells among GP33
tetramer-positive CD8* T cells (B). Data are representative of four
independent experiments (2>>6 per group in each experiment).

(PDF)

Figure S2 Rapid recovery of the body weight in Oasl1
KO mice during LCMV CL-13 infection. WT and Oas// KO
mice were infected with LCMV CL-13, and their body weights
were monitored at the indicated times. Data are representative of
four independent experiments (n>6 per group in each experi-
ment). ns, not significant; ***, P<(0.001.

(PDF)

Figure 83 Serum virus titers in WT and OaslI KO mice
post-infection with LCMV Arm or CL-13 infection. WT
and Oasl1 KO mice were infected intravenously with 2x10° pfu of
LCMV Arm or CL-13 via tail vein and virus titers were measured
in the serum at the indicated time points p.i. Data are represented
as mean + SD (2=3-6 mice per group). ns, not significant; *,
P<0.05; ***, P<0.001.

(PDF)

Figure S4 Frequency and phenotype of virus-specific
CD8" T cells in tissues of Qasll KO mice at a late time
point after LCMV CL-13 infection. Lymphocytes were
1solated from the spleen (SP), lung (LG), and liver (LV) of LCMV
CL-13-infected WT and Oasli KO mice at 130d pi (A)
Representative data showing the frequency of GP33 and GP276
tetramer-positive cells among CD8* T cells. (B) Absolute numbers
of tetramer-positive CD8" T cells in the indicated tissues. (C, D)
PD-1 and CD127 expression levels on LCMV-specific CD8" T
cells in the spleen of WT and KO mice. Numbers in the plots (left)
indicate PD-1 MFI value (C) for GP33 and GP276 tetramer-
positive CD8" T cells and CD127" cell percentage (D) among the
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tetramer-positive cells. Blue vertical lines in the plots of (D) divide
CD127" and CD127 tetramer-positive CD8" T cells. The PD-1
MFI values and CD127" cell frequency in the indicated tissues are
also summarized in bar graphs as mean + SD (right). Data are
representative of at least two independent experiments (n = 3—4 per
group In each experiment). ns, not significant; *, P<<0.05; **,
P<0.01; ***, P<0.001.

(PDF)

Figure S5 Better induction of functional virus-specific
CD8" T cells in Oasll KO mice at a late time point after
LCMYV CL-13 infection. Lymphocytes were isolated from the
spleen of LCMV CL-13-infected WT and Oas// KO mice at 130 d
pi. and restimulated i wvitro with GP33 or GP276 peptides. (A)
Representative data for cytokine production on CD8" T cells.
Percentages of cytokine-producing cells among CD8" T cells are
shown in the plots. (B) Absolute numbers of CD8" T cells
producing IFN-y in the spleen. (C) Summary showing the
frequency of TNF-0- or IL-2-producing cells among IFN-y*
CD8" T cells. All bar graphs show mean + SD. All data are
representative of at least two independent experiments (n = 3—4 per
group in each experiment). ns, not significant; *, P<0.05; **,
P<0.01; *** P<0.001.

(PDF)

Figure S6 Production patterns of major inflammatory
cytokines early after LCMV CL-13 infection. Sera were
collected from LCMV-infected WT and Oas/! KO mice at the
indicated time points, and the levels of six major mouse
inflammatory cytokines were measured by cytometric bead array
assay. IL-12 level was below a detectable limit. All bar graphs
display mean + SD. Data are representative of two independent
experiments (n>5 per group in each experiment). ns, not
significant; *, P<0.05; **, P<<0.01; *** P<0.001.

(PDF)

Figure S7 Expressions of major costimulatory and
MHC class molecules on different DC subsets of WT
and Oasll KO mice at early time points after LCMV CL-
13 infection. Splenocytes were isolated from uninfected (0 d) and
LCMV CL-13-infected WT and Oasl// KO mice at the indicated
time points p.a. The DC populations were defined as
CD3 CD19 CD49b™ CD11c" cells and further gated on myeloid
DCs (mDC, CD8 B2207), lymphoid DCs (IDC, CD8"B2207),
and plasmacytoid DCs (pDC, CD8" ~“B220"). Expressions of
various costimulatory molecules, MHC class molecules, and PD-
L1 on different subsets of DCs are depicted with their MFI values
and shown as mean &= SD. Data are representative of two
independent experiments (n = 3—4 per group in cach experiment).

(PDF)

Figure S8 Dominant expression of IFN-I mRNAs in the
spleen of LCMV CL-13-infected mice at 2 d p.i. WT and
Oasl] KO mice were infected with LCMV CL-13 and the spleen
(SP), lung (LG), liver (LV), and kidney (KD) were collected at 2 d
p.i. Ifna2 and Ifubl mRNA expression levels normalized to Gapdh
mRNA amount were recalculated by dividing each expression
value with the least mRNA expression value among the samples
and shown as a relative mRNA level. Data are shown as mean +
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SD. Three mice were used for each group. ns, not significant; *,
P<0.05; *** P<0.001.
(PDF)

Figure S9 Splenic cell sorting strategy and post-sort
verification of purity. (A) To obtain homogenous populations
for splenic conventional DCs (cDC) and plasmacytoid DCs (pDC)
(left panel), and for splenic macrophages (Mac) and polymorpho-
nuclear cells/monocytes (PMN/Mo) (right panel), the splenocytes
from LCMV CL-13-infected WT and Oasli KO mice (pooled
from at least 10 mice per group) were isolated at 2 d p.i. and sorted
by using flow cytometry. The purified cells were then re-analyzed
for purity check. (B) CD11c expression level of the sorted pDC
(black line) and cDC (red line) from WT and Oasll KO mice.
Numbers in the plot indicate MFI value of CD11c expressed by
pDC (black letter) and cDC (red letter).

(PDF)

Figure S10 Comparison of Oasll] mRNA expression
levels in the spleen after infection with LCMV Arm or
CL-13. WT mice were uninfected (0 d) or infected with the same
dosage (2x10° PFU/mice) of LCMV Arm or CL-13 and via the
same route and their spleens were collected at the indicated time
points p.i. Oasll mRNA expression level normalized to Gapdh
mRNA amount was recalculated by dividing each expression value
with the least mRNA expression value among the samples. Data
are representative of two independent experiments (#=3 per
group in each experiment) and shown as mean + SD. ns, not
significant; *, P<<0.05; **, P<0.01.

(PDE)

Figure S11 Gene expression levels of Oasll and Ifn-I on
pDCs at 1 and 30 d p.i. WT B6 mice were infected i.v. with
2x10° PFU of LCMV Arm or CL-13. Spleens were obtained
from naive (0 d p..) and virus-infected mice 1 d and 30 d p.i.
Single cell-suspended splenocytes were depleted of T cells, B cells,
NK cells, and granulocytes by bead depletion. After enrichment of
splenic CD11c" cells using CD11c beads, the cells stained with
anti-CD11c, CD8a, and B220 Abs were sorted to obtain
plasmacytoid DCs using the strategy shown in Figure S9. (A)
Virus titers in the spleens. At each time point, spleens obtained
from naive, Arm-, and CL-13-infected mice were homogenized to
measure virus titers. Dashed black line represents the virus
detection limit. (B, C) Relative mRNA expression levels of Oasll
(n=3 per group) (B) and Ifn-I (C) including Ifna2, Ifna5, and Ifnbl
on pDC at 0, 1, and 30 d p.i. All bar graphs show mean + SD. ns,
not significant; *, P<<0.05; *** P<0.001.

(PDF)
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