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Abstract

The importance of natural killer (NK) cells in the early
immune response to viral or bacterial infection is well known.
However, the phenotype, function, and physiologic role of
NK cells during the late stage of persistent viral infection have
not been extensively studied. Here, we characterized NK cells
in mice persistently infected with lymphocytic choriomenin-
gitis virus clone 13 and showed that in contrast to NK cells
from acutely infected or uninfected mice, NK cells from
chronically infected mice expressed a terminally differentiated
phenotype, stronger cytotoxicity, and reduced inhibitory

Introduction

Chronic viral infections, such as those caused by human
immunodeficiency virus (HIV), hepatitis B virus, and hepatitis
C virus (HCV), are global health problems. They can lead to a
progressive loss of function of the hostimmune system (1) and an
increase in the frequency of opportunistic infections (2).
Although most bystander chronic viral infections negatively
impact the host immune response upon subsequent infection,
some persistent or latent infections may have a beneficial impact
on the host immune response. For instance, coinfection of HIV
with persistent GB virus C is associated with delayed HIV disease
progression and reduced mortality (3, 4), and mice with latent
herpes virus infection have an increased resistance to secondary
Listeria monocytogenes or Yersinia pestis infections through chronic
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receptor expression. In an in vivo tumor model, chronically
infected mice exhibited significantly delayed tumor progres-
sion in an NK cell-dependent manner. NK cells from chron-
ically infected mice also expressed high STAT1, and blocking
the type I interferon (IFN) receptor revealed that type I IEN
signaling directly regulated NK cell cytotoxicity. Our findings
indicate that sustained type I IFN signaling during chronic
viral infection potentiates the cytolytic function of NK cells
and contributes to NK cell-dependent host immune
surveillance.

IFNYy secretion and macrophage activation (5). Similarly, mice
that are chronically infected with lymphocytic choriomeningitis
virus (LCMV) are better able to clear a secondary L. monocytogenes
infection compared with naive mice (6). Carrier mice congenitally
infected with LCMV (7) and mice infected with herpesvirus (8)
exhibit potent NK cytotoxicity and resistance against tumors.
Taken together, chronicviral infections can significantly modulate
host immune responses to secondary pathogen infections and
tumors, although the underlying mechanisms for these beneficial
effects to the host have yet to be extensively elucidated.

Type I IFNs, including IFNo and IFNB, are secreted during the
early stages of a viral infection and play differential roles in acute
and chronic infections (9). During chronic viral infection, type I
IFNs typically play an immunosuppressive role rather than the
classic antiviral role. Several studies have shown that blockade of
type I IFN signaling during chronic viral infection decreases IL10
production and programmed death-ligand 1 (PD-L1) expression
in dendritic cells, resulting in enhanced virus-specific CD4 " T-cell
responses and virus control (10, 11). Long-term administration of
IFNo. to naive mice was shown to inhibit CD8" T-cell responses
through the accumulation and activation of myeloid-derived
suppressor cells (12).

Welsh and colleagues were the first to identify an NK cell
response to LCMV-infected mice that peaked between days 3 and
5 after infection (13). Subsequent studies have revealed that NK
cells play a significant role as regulators of the T-cell responses to
LCMV infection. In the early stages of chronic viral infection, NK
cells activated by type I IFNs inhibit T-cell-mediated pathology by
promoting T-cell exhaustion and death (14). Numerous studies
have found that depletion of NK cells before or at the time of
infection can lead to hyperactivation of virus-specific T-cell
responses and host death (15, 16), demonstrating that NK cells
play a critical immunosuppressive role during early chronic viral
infection. In contrast, one study has reported that T-cell-mediated
pathology did not occur when NK cells were eliminated at the late
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stage of chronic LCMV infection (17). Clearly, NK cells play
distinct roles at different stages of chronic viral infections. How-
ever, the specific details of these roles and the underlying mechan-
isms have yet to be determined. To address this issue, we analyzed
the phenotype and activation mechanism of NK cells in mice after
establishment of severe chronic viral infection. Chronically
infected mice exhibited increased NK cell maturation and cyto-
toxic activity and enhanced antitumor immunity compared with
naive mice, and these effects were due, in part, to type I IFN
signaling. Taken together, the data suggest that type I IFNs play a
typical immunosuppressive role in the late phase of chronic viral
infection, but also enhance the cytotoxicity of NK cells to improve
immune surveillance against tumors.

Materials and Methods
Mice

Five- to 6-week-old female C57BL/6 mice were purchased from
the Jackson Laboratory. All purchased mice were allowed to
acclimate to our animal facility environment for a minimum of
2 weeks before using experiments. Ly5.1" and IFNAR1™~~ mice
were obtained from Prof. Young-Chul Sung (POSTECH, Pohang,
Korea) and Prof. Heung Kyu Lee (KAIST, Daejeon, Korea). For
adoptive transfer experiments, wild-type (WT) mice were bred
onto homozygous Ly5.1-allele backgrounds for two generations
before using in experiments. Sex- and age-matched mice were
randomly assigned to experiments. All mice were maintained in
a specific pathogen-free facility at Yonsei University. All animal
experiments were performed in accordance with the Korean
Food and Drug Administration guidelines. Protocols were
reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of Yonsei University (permit number:
IACUC-A-201507-352-01).

Cell culture

B16F10 mouse melanoma cells were obtained from ATCC in
2010 and were cultured in complete Dulbecco's modified Eagle's
medium (DMEM) consisting of 10% FBS (GE Healthcare UK Ltd)
and 1% penicillin/streptomycin (Gibco Laboratories). TC-1 lung
adenocarcinoma cells were obtained from ATCCin 2010 and were
cultured in complete Roswell Park Memorial Institute (RPMI)
consisting of 10% FBS and 1% penicillin/streptomycin. Vero
monkey kidney cells were obtained from ATCC in 2009 and were
cultured in complete DMEM consisting of 10% FBS and 1%
penicillin/streptomycin. YAC-1 mouse lymphoma cells were
obtained from ATCC in 2009 and were cultured in complete
RPMI consisting of 10% FBS and 1% penicillin/streptomycin.
EG7 thymoma cells were kindly provided by Prof. Jun Chang
(Ewha Womans University, Seoul, Korea) and were cultured
in complete RPMI consisting of 10% FBS and 1% penicillin/
streptomycin. Tumor cells were tested yearly for Mycoplasma
contamination using the e-Myco Mycoplasma PCR Detection Kit
(iNtRON Biotechnology) and reauthentication was not per-
formed in the past years. Cells were maintained at 37°C in
humidified air with 5% CO, and used in vivo or in vitro experiment
after 2 to 3 passages.

LCMV infection

LCMV-clone 13 (Cl13), a variant derived from an LCMV-
Armstrong (Arm) CA1371 carrier mouse, was obtained from
Dr. Rafi Ahmed (Emory Vaccine Center, Atlanta, GA). Eight-
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week-old female mice were infected with 2 x 10° plaque-forming
units (PFU) of LCMV-Arm diluted in 500 pL of serum-free RPMI
medium by intraperitoneal (i.p.) infection or with 2 x 10° PFU of
LCMV-Cl13 diluted in 500 pL of serum-free RPMI medium by
intravenous (i.v.) infection. For most chronic infections, mice
were injected i.p. with 0.2 mg of anti-CD4 for CD4" T-cell
depletion (GK1.5; Bio X Cell) on days -1 and O relative to
infection with LCMV-CI13 on day 0. The mice infected with Cl13
after depletion of CD4™" T cells are labeled "CI13" in most figures
except for Fig. 4, where it is specifically labeled "Cl13 (with
0oCD4)" to distinguish it from the other groups. In this figure,
mice in the group labeled "Cl13 (w/o aCD4)" were infected with
LCMV-Cl13 without receiving the CD4 depletion antibody.

For virus titration, three to five drops of blood were collected
from the retro-orbital sinus at the indicated time points, and the
serum was immediately stored at —70°C. Spleens or tumors from
LCMV-infected mice at the indicated time points were harvested,
weighed, homogenized (30 seconds at 20,000 rpm; Polytron
PT10-35 homogenizer, Kinematica) in 1 mL of DMEM consisting
of 1% FBS and 1% penicillin/streptomycin and stored at -70°C.
Viral titers from serum or homogenized tissue samples were
determined by plaque assay on Vero cells as previously
described (18). Briefly, 3.5 x 10° Vero cells were plated in 35-mm
wells in 6-well dishes (Costar) and the plates were incubated at
37°C. When the cell monolayers were confluent, the medium was
removed, and tittered amounts of serum or homogenized tissue
samples (in a total volume of 200 uL) were added to the cells. After
adsorption for 1 hour at 37°C, the cells were overlaid with 4 mL
of 1% agarose (SeaKem GTG agarose; Lonza) in Medium 199
(Gibco Laboratories) supplemented with 10% FBS, 1% penicillin/
streptomycin, and 1-glutamine (Gibco Laboratories). The plates
were incubated for 4 days at 37°C and then overlaid with 3 mL
of 1% agarose in Medium 199 containing 1% neutral red (Thermo
Fisher Scientific). Plaques were counted the following day. The
detection limit (one plaque in the well) is 50 PFU/mL indicated
by a dashed line. The undetectable samples were given a value of
20 PFU for display on the graph.

Cell preparation for analysis

Lymphocytes from bone marrow, spleen, peripheral blood,
and lungs were isolated as previously described (19). Bone
marrow cells were isolated from femurs of mice. Spleens were
mashed through a 70-pm cell strainer (BD Falcon), and red blood
cell (RBC) lysis was performed using ACK lysing buffer (Gibco
Laboratories). Peripheral blood was obtained from the retro-
orbital sinus using heparinized capillary tubes (Marienfeld),
and peripheral blood mononuclear cells were purified via den-
sity-gradient centrifugation method using Histopaque-1077
(Sigma-Aldrich). Pulmonary lymphocytes were obtained from
PBS-perfused whole lung. Lung tissue was harvested, chopped,
digested with type II collagenase (1 mg/mL; Worthington
Biochemical Corp.) and DNase I (0.01 mg/mL; Sigma-Aldrich)
for 1 hour at 37°C on a shaking incubator at 250 rpm, and filtered
through a 70-um cell strainer (BD Falcon). Lymphocytes were
enriched by Percoll (Sigma-Aldrich) density-gradient centrifuga-
tion and collected from the interface of the 44% and 67% Percoll
layers. To isolate tumor-infiltrating lymphocytes (TIL), tumors
were harvested, weighed, diced, and digested in RPMI consisting
of 10% FBS, 1% penicillin/streptomycin, type IV collagenase
(1 mg/mL; Worthington Biochemical Corp.), and DNase I
(0.01 mg/mL; Sigma-Aldrich) for 30 minutes at 37°C on a shaking
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incubator at 250 rpm. After digestion, tumors were filtered
through a 70-um cell strainer (BD Falcon), and RBC lysis was
performed using ACK lysing buffer (Gibco Laboratories). After
washing with RPMI consisting of 2% FBS and 1% penicillin/
streptomycin, cells were counted using hemocytometer.

Flow cytometry analysis

For phenotypic analysis of lymphocytes, single-cell suspen-
sions were plated at 10° cells/well in 96-well plates (round-
bottom) in PBS consisting of 2% FBS and were stained with
fluorochrome-conjugated antibodies for 20 minutes in 4°C. Anti-
bodies against CD3 (145-2C11), CD4 (RM4-5), CD11b (M1/70),
CD27 (LG.3A10), CD45.1 (A20), CDG9 (H1.2F3), CD314 (CX5),
Ly49C/I (5E6), CD107a (1D4B), IFNy (XMG1.2), and NK1.1
(PK136) were from BD Biosciences; antibodies against CD8a
(53-6.7), CD45.2 (104), T-bet (ebio4B10), CD16/32 (93), and
TNFo (MP6-XT22) were from eBioscience ; and antibodies against
CD43 (1B11), CD49b (DX5), CD335 (29A1.4), granzyme B
(GB11), KLRG1 (2F1), NKG2A (16A11), LFA-1 (H155-78),
DNAM-1 (10E5), and IL2 (JES6-5H4) were from BioLegend.
To measure the proliferation capability ex vivo, lymphocytes
(10° cells/well) from bone marrow, spleen, or lungs were stained
with a Ki-67 antibody (B56; BD Biosciences). For analysis of
apoptosis ex vivo or in vitro, lymphocytes from bone marrow,
spleen, or lungs or purified NK cells from spleen were incubated
with Annexin V and 7AAD (BD Biosciences), according to the
manufacturer's protocol. Anti-CD16/32 mAb (93; eBioscience)
was used to block Fcy receptors prior to surface staining, except for
CD16/32 staining. The LIVE/DEAD fixable dead cell stain kit
(Invitrogen) was used to remove the dead cell population in
most staining procedures, except for apoptosis staining, according
to the manufacturer's instructions.

To determine the functions of NK cells in vitro, lymphocytes
(1.5 x 10° cells/well) from spleen or lungs were incubated with
both recombinant (r)IL12 (5 ng/mL; R&D Systems) and rIL18
(5 ng/mL; R&D Systems) or YAC-1 cells (E:T ratio: 10:1) in the
presence of GolgiPlug (1 pg/mL; BD Biosciences), GolgiStop
(3 umol/L; BD Biosciences), and anti-CD107a (5 ug/mL; BD
Biosciences) at 37°C for 5 hours, followed by intracellular cyto-
kine staining using an anti-IFNYy. In case of detection of IFNy in NK
cells from tumors, NK cells were stimulated with precoated plate-
bound activating anti-NK1.1 (2 ug/mL; clone PK136; BioLegend)
at 37°C for 5 hours.

To detect degranulation and intracellular cytokines in T cells
from spleen and tumor, splenocytes, and TILs were incubated with
LCMV-glycoprotein (GP) peptide mixture containing GP33.4;
(0.2 pg/mL), GPs76.286 (0.2 pg/mlL), and GPes.g0 (5 Hg/mL)
peptides, or ovalbumin (OVA) peptide mixture containing
OVAj,57.064 (0.2 pg/mL) and OVAs,5.339 (5 ng/mL) peptides in
the presence of GolgiPlug (1 ug/mL; BD Biosciences), GolgiStop
(3 umol/L; BD Biosciences), and anti-CD107a (5 ug/mL; BD
Biosciences) at 37°C for 5 hours, followed by intracellular cyto-
kine staining using anti-IL2, anti-TNFo, and anti-IFNy antibodies.
All peptides were synthesized by GenScript, respectively at a
purity >95%.

Intracellular staining was performed after surface staining using
the BD Cytofix/Cytoperm fixation/permeabilization kit (BD Bios-
ciences) or the Foxp3/transcription factor staining buffer set
(eBioscience), according to the manufacturer's instructions. All
stained samples were analyzed on a FACSCanto Il instrument (BD
Biosciences) and analyzed using FlowJo software (Tree Star).
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To characterize the NK cells and T cells, lymphocyte popula-
tions were gated based on forward scatter (FSC)-A and
side scatter (SSC)-A. FSC-H and FSC-A were used for doublet
exclusion. Dead cells were then gated out of the lymphocytes
and then gated by NK1.1, CD4, or CD8 versus CD3. The NK
cells, CD4" T cells, and CD8" T cells were defined as
NK1.17CD3" cells, NK1.1"CD3* CD4™ cells, and NK1.1"CD3™
CD8"'  cells, respectively. The immature NK cells were
defined as NK1.17CD27'°"CD11b"", NK1.17CD27"¢"CD11b'°",
NK1.17CD27"8"CD11b'°", and NK1.1*CD11bM"KLRG1"" cells,
and mature NK cells were defined as NK1.17CD27'°"CD11b"#"
and NK1.17CD11b"8"KLRG1M8" cells.

Signaling molecule staining

All immunostaining experiments were performed as previously
described (20). To assess total intracellular STAT1, splenocytes
(2 x 10° cells/well) were stained with fluorescein isothiocyanate-
conjugated anti-NK1.1 (BD Biosciences), fixed, and permeabi-
lized with Cytofix/Cytoperm (BD Biosciences), prechilled (kept at
—20°C for 2 hours) pure methanol, and then stained with PerCP-
Cy5.5-conjugated anti-CD3 (BD Biosciences) and Alexa Fluor
647-conjugated anti-STAT1 (1/Statl, BD Biosciences) or mouse
IgG1 isotype control (MOPC-21; BioLegend). For phosphoryla-
tion studies, splenocytes (2 x 10° cells/well) were incubated for 4
hours at 37°C to clear receptors of cytokines bound in vivo and to
allow the cells to return to baseline before stimulation with IFN8
(50,000 U/mL; R&D Systems) and IFNy (100 ng/mL; R&D Sys-
tems) for STAT1 phosphorylation or IFN (50,000 U/mL) and
IL12 (200 ng/mL; R&D Systems) for STAT4 phosphorylation.
Splenocytes were then incubated with the previously mentioned
cytokines at 37°C for 90 minutes and collected for intracellular
staining of pSTAT1 and pSTAT4. Intracellular pSTAT protein was
stained with brilliant violet (BV) 421-conjugated anti-pSTAT1
pY701 (4a; BD Biosciences) or the corresponding isotype control,
BV421-conjugated mouse IgG2a (MOPC-173; BioLegend), and
PE-conjugated anti-pSTAT4 pY693(38/p-Stat4; BD Biosciences)
or the corresponding isotype control, PE-conjugated mouse
IgG2b (MPC-11; BioLegend).

In vitro cytotoxicity assay

In vitro cytotoxicity was analyzed by flow cytometry as
previously described (21). Briefly, YAC-1 target cells (10* cells)
were labeled with 2 x 107° mol/L PKH26 dye (Sigma-Aldrich)
and cultured in quadruplicate at different E:T ratios (5:1, 10:1,
and 20:1) of NK cells purified from the lungs of uninfected
or LCMV-Cl13-infected mice. After 4 hours, the cells were
stained with the viability probe TO-PRO-3 iodide (Invitrogen),
and cytotoxicity was determined by flow cytometry as
the percentage of dead YAC-1 cells (PKH26" TO-PRO-3").
The proportion of spontaneous dead YAC-1 cells never
exceeded 6%.

Analysis of cytokine secretion in vivo

Sera were obtained from uninfected and LCMV-Cl13-infected
mice at 41 days post infection (dpi) and were diluted at 1:2 with
sample diluent for cytokine measurement. IL15 and IL18 con-
centrations were measured using the Mouse IL15/15R Platinum
ELISA kit (eBioscience) and Mouse IL18 Platinum ELISA kit
(eBioscience), and other cytokines were measured using the
LEGENDplex Multi-Analyte Flow Assay Kit (BioLegend) accord-
ing to the manufacturer's instructions.
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Cell sorting, RNA isolation, and qRT-PCR

Splenocytes (1.2 x 10° cells/group) from uninfected, LCMV-
Arm-immune (>40 days after LCMV-Arm infection), or LCMV-
Cl13-infected mice digested with type II collagenase (1 mg/mL;
Worthington Biochemical Corp.) and DNase I (50 U/mL; Sigma-
Aldrich) were incubated with a cocktail of biotin-conjugated
antibodies and antibiotin beads (Miltenyi Biotech) and were
subsequently depleted of T cells with CD90.2 Microbeads
(10 uL/107 cells; Miltenyi Biotech) and B cells with CD19
Microbeads (10 uL/107 cells; Miltenyi Biotech). After depletion,
cells were stained with CD3 and NK1.1 antibodies for sorting of
NK cells (NK1.17CD3"). The stained cells were sorted using a
FACSAria II instrument (BD Biosciences). The purity of the cells
after sorting was >98%.

Total RNA was extracted using an RNeasyPlus micro kit
(Qiagen), and the concentration and purity of RNA were mea-
sured using the Nanodrop 1000 spectrophotometer (Thermo
Scientific). Total RNA (500 ng) was used to synthesize cDNA
using reverse transcription using a transcriptor first-strand cDNA
synthesis kit (Roche) according to the manufacturer's instruc-
tions. The expression of individual genes was measured in trip-
licate by qPCR on a CFX96 real-time PCR detection system
(Bio-Rad) with the following gene-specific forward (F) and reverse
(R) primers: Stat1 F: TCACAGTGGTTCGAGCITCAG and R: CGA-
GACATCATAGGCAGCGTG; Stat2 F: GTTACACCAGGTCTACT-
CACAGA and R: TGGTCITCAATCCAGGTAGCC; Stat3 F:
CACCITGGATTGAGAGTCAAGAC and R: AGGAATCGGCTA-
TATTGCTIGGT; Stat4 F: TGGCAACAATTCTGCITCAAAAC and
R: GAGGTCCCTGGATAGGCATGT; Statsa F: CGCCAGATG-
CAAGTGITGTAT and R: TCCTGGGGATTATCCAAGTCAAT; Stat5b
F: CGATGCCCITCACCAGATG and R: AGCTGGGTGGCCT-
TAATGTTC; Stat6 F: CTCTGTGGGGCCTAATITCCA and R:
GCATCTGAACCGACCAGGAAC; and Gapdh F: AGGTCGGTGT-
GAACGGATIT and R: TGTAGACCATGTAGTITGAGG (22). qPCR
reaction conditions were as follows: after initial denaturation of
the template for 5 minutes at 95°C, 50 thermal cycles of 15
seconds at 95°C, 20 seconds at 60°C, and 30 seconds at 72°C
were performed in a final volume of 20 UL using SYBR Green I dye
for PCR-product detection (Qiagen) according to the manufac-
turer's instructions. Relative mRNA expression was normalized to
Gapdh expression and calculated according to the AACT method.

Adoptive cell transfer

For transfer experiments, congenically marked (Ly5.1/5.1)
splenocytes (4 x 10° cells/mouse) from naive WT mice were
transferred i.p. into uninfected or LCMV-Cl13-infected mice
(Ly5.2/5.2), respectively. After 3 days, transferred cells were
recovered by peritoneal lavage and analyzed for granzyme B
(GzmB)* NK cells.

For cotransfer experiments, uninfected or LCMV-Cl13-infected
WT mice (Ly5.1/5.1) were injected i.v. with a 1:1 mixture of 2 x
10° splenocytes from naive WT (Ly5.1/5.2) and naive IFNAR1 ™~
(Ly5.2/5.2) mice. After 3 days, transferred cells from spleen of the
recipients were analyzed for STAT1" and GzmB™ NK cells.

In vivo blockade of type I IFN signaling

To block type I IEN signaling in vivo, 0.5 mg of anti-IFNAR1
(MAR1-5A3; Bio X Cell) or mouse IgGl isotype control
(MOPC-21; Bio X Cell) was administered to LCMV-Cl13-infected
mice at days 0 and 1 by i.v. injection. Five days after primary
injection of blocking antibodies, mice were sacrificed, and NK

www.aacrjournals.org

Downloaded from cancerimmunolres.aacrjournals.org on April 1, 2019. © 2019 American Association for Cancer Research.

IFN-I Enhances NK Cell Cytotoxicity during Chronic Infection

cells harvested from the spleen and lungs and were analyzed using
flow cytometry.

Tumor experiments

For tumor metastasis models, mice were i.v. injected with
B16F10 (5 x 10° cells/mouse) or TC-1 (5 x 10° cells/mouse)
tumor cells into the tail vein. Mice were euthanized, and their
lungs were harvested at days 17 or 21 after tumor injection. The
total number of visible nodules on both lungs and on one lobe of
the lungs was counted. For survival experiments, tumor-injected
mice were monitored daily until death or appearance of mori-
bund symptoms, such as lethargy, weight loss, and a hunched
back. In some experiments, LCMV-Cl13-infected mice were
injected i.v. with depleting antibodies (Bio X Cell) against CD4
(GK1.5), CD8 (2.43), or NK1.1 (PK136), as well as IFNARI1-
blocking antibody (MAR1-5A3) 4 days before B16F10 or TC-1
tumor injection (day -4; 1 mg) and at days 5 (0.5 mg) and 15
(0.5 mg) after tumor injection. Control groups were injected with
PBS or isotype-control antibodies, and depletion efficacy was
confirmed in the bone marrow, spleen, and lungs by flow cyto-
metry 17 days after antibody administration. For subcutaneous
tumor models, B16F10, TC-1, or EG7 tumor cells resuspended in
100 uL of PBS were injected subcutaneously in the shaved left
flank. Tumor growth was monitored every 3 to 4 days by mea-
suring the tumor size using a caliper, and tumor volume was
calculated as length x width? x 0.5. Mice were euthanized when
tumors reached 15 mm in diameter.

In vitro cell viability assay after LCMV infection

TC-1, B16F10, or EG7 tumor cells (1 x 10° cells/well) were
plated at a 6-well plate in 3 mL of the corresponding tumor cell
culture medium on day -1. On day 0, the medium was removed
and then cells were infected with different multiplicity of infection
of LCMV-Cl13 (500 UL per well) for 1 hour at 37°C. After 1 hour,
2.5 mL of culture medium was added. On day 1, cells were
harvested and viability was evaluated using Trypan blue staining.

Statistical analysis

Statistical analysis was performed using Prism software version
5.02 (GraphPad). Significant differences between groups were
analyzed by two-tailed unpaired Student t test or one-way ANOVA
with post hoc Tukey test or Dunnett test for multiple comparison.
Kaplan-Meier survival curves were analyzed using Mantel-Cox
log-rank test with a 95% CI. P < 0.05 was considered statistically
significant.

Results

Chronic LCMV infection results in a decreased population of
mature NK cells

To investigate the role of NK cells after establishment of chronic
viral infection, we used a previously described murine model of
chronic, uncontrolled LCMV-CIl13 (Cl13) infection (23). In this
model, CD4" T cells were temporarily depleted with anti-CD4
prior to infection with Cl13, resulting in a systemic and life-long
chronic infection. CD4™ T-cell numbers returned to similar levels
to naive mice within 30 dpi. A control group of mice was acutely
infected with LCMV-Armstrong (Arm) resulting in peak viral titers
at 3 dpi and complete viral clearance by 8 dpi.

We analyzed bone marrow and peripheral NK cells from
uninfected mice, LCMV-Arm-immunized mice (40 dpi), and
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Cl13-infected mice (40 dpi). Compared with uninfected or
LCMV-Arm-immunized mice, Cl13-infected mice had lower fre-
quencies of CD3"NK1.1" NK cells in the spleen, but not in the
bone marrow or lungs (Fig. 1A). However, the frequencies of
mature CD27'°“CD11b"#" and terminally differentiated
CD11b™E"KLRG1™ NK cells were higher in Cl13-infected mice
than in uninfected or LCMV-Arm-immunized mice (Fig. 1B).
These frequencies were still higher in mice at 53 and 69 days after
establishment of chronic virus infection than in uninfected mice
(Supplementary Fig. S1A). A significant upregulation of T-bet, a
key transcription factor involved in NK cell development, was also
observed in both immature and mature NK cells of Cl13-infected
mice (Fig. 1C). NK cells from Cl13-infected mice displayed 2- to
3-fold increase in proliferation (compared with cells from unin-
fected or LCMV-Arm-immunized controls; Fig. 1D). Collectively,
these data suggested that chronic LCMV infection promoted NK
cell maturation and proliferation.

To determine why fewer NK cells in Cl13-infected mice were
seen, we assessed their apoptotic status by flow cytometry. A
higher percentage of NK cells were apoptotic (Annexin V' 7AAD ™)
in the spleens Cl13-infected mice compared with uninfected
controls (Fig. 1E). This effect was amplified when splenic NK
cells were purified and cultured with IL2 for 4 days (Fig. 1F). These
data suggested that NK cells from Cl13-infected mice were more
proliferative, but apoptotic during chronic LCMV infection. Taken
together, although the maturity of NK cells in Cl13-infected mice
increased, the number of mature NK cells decreased due to
accelerated proliferation and apoptosis.

NK cells display an activated phenotype and increased
cytotoxicity during chronic infection

Several studies have reported that terminally differentiated NK
cells display strong effector functions (24). Because NK cell
activation is determined by the integration of activating and
inhibitory signals (25), we analyzed the expression of activating
and inhibitory receptors. NK cells in Cl13-infected mice expressed
the activating receptors, CD16, lymphocyte function-associated
antigen 1 (LFA-1), and NKG2D similarly to those from uninfected
or Arm-immunized mice, with the exception of higher activating
receptor NKG2D expression in bone marrow (Fig. 2A). In con-
trast, the surface expression of inhibitory receptors [Ly49C/I and
NKG2A; specific for self major histocompatibility complex
(MHCQ) class I] was significantly lower in NK cells from Cl13-
infected mice than in those from uninfected or Arm-immunized
mice (Fig. 2B). Consistent with the fact that NK cell function is
regulated by the balanced expression of activating and inhibitory

IFN-I Enhances NK Cell Cytotoxicity during Chronic Infection

receptors, expression of the early activation marker CD69 and
cytotoxic granzyme B (GzmB) was significantly elevated in NK
cells from Cl13-infected mice (Fig. 2C). These phenotypes were
also observed at various time points in mice after establishment
of chronic virus infection (Supplementary Fig. S1B and S1C).
Collectively, these data indicated that decreased inhibitory recep-
tor expression on NK cells during chronic virus infection lowered
the threshold necessary for activation of the cells.

To assess the functional capacity of NK cells from chronically
infected mice, IFNy production and cytotoxicity were measured
following stimulation with inflammatory cytokines. NK cells
from Cl13-infected mice produced fewer IFNy than uninfected
mice (Supplementary Fig. S2), but displayed an increase in
CD107a expression and IFNy production ex vivo following incu-
bation with YAC-1 target tumor cells (Fig. 2D and E). Similarly,
NK cells from Cl13-infected mice exhibited greater cytotoxicity
against YAC-1 target tumor cells in vitro (Fig. 2F), consistent with
increased NK cell effector function. These results suggested that
chronic virus infection increased NK cell effector function when
contacting tumor cells.

Cl13-infected mice exhibit tumor resistance in an NK cell-
dependent manner

NK cells are part of the first line of defense against tumor onset,
growth, and metastasis. Therefore, we hypothesized that increased
NK cell activation in chronically infected mice would enhance
host defenses against tumors. To test this hypothesis, various
tumor cells were injected into uninfected mice, Arm-immunized
mice (45 dpi), and Cl13-infected mice (45 dpi), and tumor
growth and survival rates were monitored. Subcutaneously
administered B16F10 melanoma cells, which are sensitive to
NK cells due to low MHC class I expression, grew more slowly
in Cl13-infected mice compared with the controls (Fig. 3A and B).
Similarly, mice intravenously administered B16F10 cells exhib-
ited reduced pulmonary metastases with Cl13 infection, which
correlated with increased survival compared with controls
(Fig. 3C and D). In a second tumor model, NK cell-resistant cell
lines with high MHC class I expression [TC-1 lung adenocarci-
noma cells and OVA-expressing EL4 thymoma cells (EG7) cells]
were intravenously or subcutaneously injected into each group
of mice. Subcutaneous TC-1 and EG7 tumors grew more slowly,
elicited fewer lung metastases, and enhanced survival in Cl13-
infected mice (Fig. 3E-H; Supplementary Fig. S3A and S3B). These
antitumor effects were consistent across several time points up to
100 days after the establishment of chronic infection (Supple-
mentary Fig. S4A-S4C).

Figure 1.

NK cell phenotypes during late-stage acute and chronic virus infections. A-F, C57BL/6 mice were infected with LCMV-Arm or LCMV-CI13. At 40 dpi, bone
marrow (BM), spleen (SP), and lung (LG) NK cells were stained and analyzed by flow cytometry. A, Representative flow-cytometric plots and graphs showing the
frequencies and absolute numbers of NK cells (NK1.17CD3") in the BM, spleen, and lungs. B, Expression patterns of maturation markers on NK cells ex vivo. CD27,
CD11b, and KLRG1 expression was analyzed in BM, spleen, and lung NK cells. The numbers in the plots indicate the percentage of immature (CD27'°*CD11b"%,
CD27"9"CD1Ib', CD27"9"CDI11b™Y, and CD1bM"KLRG1™) and mature (CD27'°*CD11b"" and CD1IbM"KLRGI"9M) NK cells. €, T-bet expression in NK cells were
analyzed by intracellular staining. Representative T-bet expression [mean fluorescence intensity (MFI), left] and summarized (right) results in immature
(CDNb"KLRGI™) and mature (CD11b™KLRG1™) NK cells are shown. D, Representative plot and graph showing the percentages of Ki-67" NK cells. E, 7-AAD and
Annexin V expression in NK cells ex vivo. Representative plot and graph showing the percentages of late-apoptotic NK cells (ZAAD " Annexin V). F, Splenic NK
cells were cultured for 4 days with IL2 (500 U/mL) and then analyzed for 7AAD™ and Annexin V' expression. Numbers in the plots indicate the percentages of
7AADVAnnexin V™ (necrotic), 7ZAAD T Annexin V' (late apoptotic), and ZAAD Annexin V' (early apoptotic) NK cells. Double-negative (DN), Annexin V' (AV™),
7AAD, and double-positive (DP) NK cell percentages are also summarized in the graphs. One-way ANOVA with post hoc Tukey test was used to test the
statistical significance. All bar graphs show mean + SEM. Data are representative of at least four independent experiments (n = 3-4/group in each experiment).

*,P<0.05; **, P<0.01; ***, P< 0.001. ns, not significant.
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Figure 2.

NK cell-mediated cytotoxicity is enhanced in LCMV-Cl13-infected mice. A-C, C57BL/6 mice were infected with the LCMV-Arm or LCMV-CI13. At 40 dpi, bone
marrow, spleen, and lung NK cells were stained and analyzed by flow cytometry. A, Activating receptor expression in bone marrow, spleen, and lung NK cells.
Numbers in the plots indicate activating receptor MFI. The MFIs of NK receptors in the indicated tissues are also summarized. B, Inhibitory receptor (Ly49C/I and
NKG2A) expression in bone marrow, spleen, and lung NK cells. Numbers in the plots denote Ly49C/I and NKG2A MFI. The MFI of each NK receptor in the
indicated tissues is also summarized. C, CD69 and GzmB expression in bone marrow, spleen, and lung NK cells. Numbers in the plots indicate CD69 and GzmB
MFIl on NK cells. The CD69 and GzmB MFI in NK cells in the indicated tissues are also summarized. D and E, Lymphocytes isolated from the spleen and lungs of
uninfected or Cl13-infected mice at 45 dpi were restimulated in vitro with YAC-1cells (E:T ratio: 10:1; 5 hours). D, CD107a expression and (E) IFNy accumulation
were evaluated. Representative plots are shown for expression of CD107a and accumulation of IFNy in NK cells. Numbers in the plots indicate the percentages of
CD107a™ or IFNy™ NK cells. The graph summarizes the percentages of CD107a* or IFNy™ NK cells. F, /n vitro cytotoxicity of lung NK cells toward YAC-1targets
(E:T ratio: 5:1,10:1, and 20:1) quantified by flow cytometric analysis of TO-PRO-3 iodide™ YAC-1cells. Numbers in the plots indicate TO-PRO-3 iodide™ YAC-1 cells.
The graph summarizes the percentages of TO-PRO-3 iodide™ YAC-1cells. Data were analyzed by one-way ANOVA with (A-C) post hoc Tukey test and (D-F)
two-tailed unpaired Student ¢ test. All graphs show mean + SEM. Data are representative of at least three independent experiments (n = 3-4/group in each
experiment). *, P<0.05; **, P< 0.0T; ***, P< 0.001. ns, not significant.
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Figure 3.

Tumor cells are rejected in LCMV-Cl13-infected mice in an NK cell-dependent manner. A=D, BI6F10 or (E-H) TC-1tumor cells (5 x 10° cells/mouse) were injected
(A-B, E-F) subcutaneously or (C-D, G=H) i.v. into uninfected, Arm-immunized (45 dpi), and Cl13-infected mice (45 dpi). A-B, E-F, Tumor size was monitored
every 3 to 4 days, and tumor weight was measured at (B) day 17 or (F) day 20 after tumor injection. Scale bars, 1cm. €C and G, 17 days after tumor inoculation,
tumor nodules were measured in lungs from each group of mice. D and H, Survival after BI6F10 or TC-1tumor cell injection (i.v.). Iand J, B16F10 or (K-L) TC-1
tumor cells (5 x 10° cells/mouse) were injected i.v. into uninfected and Cl13-infected mice (45 dpi). I-L, Depleting anti-CD4, anti-CD8, or anti-NK1.1 or PBS
(negative control) was administrated i.v. into Cl13-infected mice prior to tumor injection (amounts of each depleting antibody: 1mg) and at days 5 and 15
(amounts of each depleting antibody: 0.5 mg) after tumor injection. I, K, After sacrifice, tumor nodules in the lungs at day 17 after tumor inoculation were
measured, and (J, L) survival rates after tumor inoculation were evaluated. Data were analyzed by (A-C, E-G) one-way ANOVA with post hoc Tukey test or (I, K)
Dunnett test. I, K, Statistical significance was determined by comparison between PBS-treated Cl13-infected mice and anti-CD4-, anti-CD8-, or anti-NK1.1-treated
Cl13-infected mice. All line graphs and bar graphs show mean + SEM. All survival graphs were analyzed using the Mantel-Cox log-rank test (n = 5-10). A, B, G,
Data are representative of at least two independent experiments (n = 3-4/group in each experiment). C-F, H-L, Data are pooled from two experiments

(n = 3-7/group in each experiment). *, P< 0.05; **, P< 0.01; ***, P < 0.001. ns, not significant.
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In light of the observation that NK cell-resistant tumor
growth was inhibited in Cl13-infected mice, we performed TIL
analysis in the EG7 tumor model to compare the effector func-
tions of T cells and NK cells. The number of CD4* T, CD8" T,
or NK cells in tumors from Cl13-infected mice was similar
or decreased compared with uninfected and Arm-immunized
groups, respectively (Supplementary Fig. S3C). Cl13-infected
mice exhibited 10-fold lower LCMV-specific CD8" T-cell
responses than Arm-immunized mice but showed higher
tumor-specific CD8" T-cell responses than uninfected or Arm-
immunized mice (Supplementary Fig. S3D). NK cells in the tumor
from Cl13-infected mice exhibited higher effector functions
than the control groups and showed significantly higher IFNy
production than the same group of CD8" T cells. Both CD8"
T-cell and NK cell effector functions were inversely correlated with
tumor weight, although the effect was much stronger for NK cell
effector functions (Supplementary Fig. S3E).

To confirm that this antitumor response was mediated by NK
cells, B16F10 or TC-1 tumor cells were injected into Cl13-infected
mice (45 dpi) following depletion of CD4* T, CD8™" T, or NK cells.
Depletion was confirmed in the bone marrow, spleen, and lungs
of Cl13-infected mice 17 days after antibody administration
(Supplementary Fig. S5A). The viral load in the serum was not
altered in Cl13-infected mice with CD4, CD8, or NK1.1 depletion
at 10 and 20 days after antibody administration (Supplementary
Fig. S5B). Depletion of CD4" or CD8™ T cells had no overt effect
on the enhanced antitumor responses of Cl13-infected mice. In
contrast, the depletion of NK1.1" cells in Cl13-infected mice
resulted in increased lung metastases and reduced survival of
the mice (Fig. 31-L). These results indicated that tumor formation
was suppressed in Cl13-infected mice in an NK cell-dependent
manner.

NK cell cytotoxicity and antitumor immunosurveillance are
related to viral load

To investigate the influence of viral load on antitumor
immunity in chronically infected mice, we used a conventional
Cl13 infection model without CD4" T-cell depletion prior to
infection. In this model, the viral load gradually decreases, and
after 60 days, most of the virus disappears from organs except
the brain and kidney. The relationship between the viral titer
and the frequency of GzmB™* NK cells was similar in the spleens
of Arm-infected, Cl13-infected, and CD4" T-cell-depleted/
Cl13-infected groups (Fig. 4A and B). On day 32, the mice
infected with CI13 (without CD4 " T-cell depletion) had lower
(and more variable) viral titers in the sera compared with mice
infected with Cl13 after depletion of CD4™" T cells (Fig. 4C). The
expression levels of GzmB and CD69 in peripheral NK cells of
mice infected with Cl13 (without CD4" T-cell depletion) were
higher than those of uninfected mice but were lower than those
of Cl13-infected mice after depletion of CD4™ T cells (Fig. 4D).
Furthermore, viral titers and expression of GzmB and CD69
were correlated with the peripheral blood NK cells from mice
infected with Cl13 (without CD4" T-cell depletion; Fig. 4E).
These results suggested that the NK cell cytotoxicity was linked
to virus titer.

To determine whether antitumor immunity is associated with
the severity of chronic viral infection, tumor progression was
analyzed following i.v. injection of TC-1 tumor cells in two
different Cl13 infection models. A significant reduction in the
antitumor effect in mice infected with Cl13 (without CD4* T-cell
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depletion) was seen compared with mice infected with Cl13 after
depletion of CD4" T cells (Fig. 4F-H). The inhibition of tumor
progression was not due to direct LCMV infection of the tumor
cells because tumor cell infection with LCMV did not inhibit their
proliferation in vitro (Supplementary Fig. S6A). Replication of
LCMV in the tumor microenvironment was like that in other
organs (Supplementary Fig. S6B). These results indicated that
LCMV did not directly inhibit tumor progression in LCMV-
infected mice and that high viral titers increased NK cell cytotox-
icity, thereby maintaining immune surveillance.

Chronic inflammatory niches contribute to enhanced NK cell
cytotoxicity

To determine how the inflammatory environment leads to
enhanced NK cell cytotoxicity, splenocytes (Ly5.1/5.1) isolated
from uninfected mice were injected into the peritoneal cavity of
uninfected mice (Ly5.2/5.2) or Cl13-infected mice (Ly5.2/5.2, 46
dpi). After 72 hours, adoptively transferred donor NK cells from
recipients were analyzed for GzmB protein expression (Fig. 5A).
The donor NK cells recovered from Cl13-infected recipients dis-
played increased GzmB expression compared with those from
uninfected recipients (Fig. 5B). These findings confirmed that
GzmB in NK cells increased upon exposure to the environment
generated by chronic LCMV infection.

Various cytokines regulate NK cell development, homeostasis,
and function during viral infection (26). To identify cytokines
involved in regulating NK cell phenotype and function during
chronic virus infection, cytokines were measured in the sera of
Cl13-infected mice (41 dpi). Several cytokines known to be
involved in NK cell activation were elevated in Cl13-infected
mice, including IL2, IL12, IL15, IL21, and IFNJ (Fig. 5C). These
data suggested that the inflammatory environment elicited by
chronic LCMYV infection enhanced NK cell cytotoxicity.

Chronic LCMV infection modulates responsiveness to type I
IFNs via increased STAT1

To determine which cytokines had the greatest effect on NK
cells, splenic NK cells from uninfected, Arm-immunized, and
Cl13-infected mice were analyzed for various STAT mRNAs by
gRT-PCR. Only STAT1 mRNA was significantly higher in NK cells
from Cl13-infected mice compared with uninfected or Arm-
immunized mice (Fig. 6A). STAT1 protein expression was also
significantly higher in NK and T cells from Cl13-infected mice
compared with uninfected or Arm-immunized mice (Fig. 6B).
Previous studies showed that NK cells have high basal expression
of STAT4, but that STAT1 predominates via continuous
exposure to type I IFNs during acute LCMV or chronic HCV
infection (27, 28), and type I IFNs increase the cytotoxicity of
NK cells via the STAT1-GzmB axis during flu infection (29). Based
on these reports, it is likely that type I IFNs predominantly
contribute to enhanced NK cell cytotoxicity during chronic
viral infection.

To analyze type I IFN-mediated activation of STAT1 and
STAT4 in NK cells from uninfected, Arm-immunized, and Cl13-
infected mice, NK cells were incubated without cytokine stim-
ulation to allow them to return to basal states, followed by
stimulation with IFNJ, IFNYy, and IL12. IFNy and IL12 phos-
phorylate STAT1 and STAT4, respectively, whereas IFNf phos-
phorylates both STAT1 and STAT4 in NK cells. Consistent with
previous studies in acute LCMV and chronic HCV infection
models, NK cells from Cl13-infected mice exhibited higher
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Figure 4.

NK cell-mediated immunosurveillance is associated with the severity of chronic viral infection. Mice were infected with LCMV-Arm, LCMV-CI13 (without anti-
CD4), or LCMV-CIN3 after depletion of CD4™ T cells (with anti-CD4: 0.2 mg on days -1and O relative to infection with LCMV-CI13 on day 0). A, Kinetics of viral titer
in the spleen during acute and chronic viral infection at the indicated time post-infection. Dashed black line: the virus detection limit. B, Kinetics of GzmB™ NK
cells during acute and chronic viral infection. Representative graph showing GzmB™ NK cell percentages in spleens at the indicated time after infection. C-E, On
day 32 after virus infection, viral titer in the (C) sera, (D) GzmB, and CD69 MFI in NK cells in the peripheral blood and (F) their correlation was analyzed. F=H, TC-1
tumor cells (5 x 10° cells/mouse) were injected (F, G) subcutaneously or (H) i.v. into each group of mice at 32 dpi, tumor size was monitored every 2 to 4 days,
and tumor weight and nodules were measured at day 22 after tumor injection. Scale bars, 1cm. A, C, Data were analyzed by two-tailed unpaired Student ¢ test,
(B, D, F-H) one-way ANOVA with post hoc Tukey test, and (E) Pearson correlation. All line graphs and bar graphs show mean + SEM. A, B, Data are pooled from
three experiments (n = 3/group in each experiment). C-H, Data are representative of at least two independent experiments (n = 3-10/group in each
experiment). **, P< 0.07; ***, P< 0.001. ns, not significant.

phosphorylated (p)STAT1 in response to IFNP or IFNy but
lower pSTAT4 in response to IFNf or IL12 compared with those
from uninfected or Arm-immunized mice (Fig. 6C and D).
Overall, these results suggested that IFN-mediated STAT1/4
activation in response to type I IFNs in NK cells from Cl13-
infected mice shifted toward activation of pSTAT1 rather than
pSTAT4 due to an increase in STAT1 expression.
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Type I IFNs directly activate NK cells during chronic LCMV
infection

To determine whether the increased cytotoxicity of NK cells is
dependent upon type I IFN signaling, we performed in vivo
blockade experiments using anti-IFN-0/ receptor 1 (anti-
IFNAR1), which efficiently blocks type I IFN signaling. At day 5
after antibody treatment, the spleen and lung lymphocytes of
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Cl13-infected mice were analyzed (Fig. 7A). Type I IEN signaling
blockade significantly reduced STAT1, CD69, and GzmB expres-
sion in NK cells from Cl13-infected mice (Fig. 7B and C),
and IFNAR1 blockade diminished the NK cell effector
functions induced by coculture with tumor cells (Fig. 7D).
Collectively, these data indicated that the enhancement of NK
cell cytotoxicity in chronically infected mice required type I IFN
receptor signaling.

To identify whether type I IFNs directly activate NK cells in
Cl13-infected mice, we injected splenocytes (WT: Ly5.1/Ly5.2 and
IFNAR1~/": Ly5.2/5.2) from uninfected mice into WT-uninfected
or WT-Cl13-infected mice (Ly5.1/5.1, 45 dpi). After 72 hours,
the mice were sacrificed, and endogenous and adoptively trans-
ferred NK cells were analyzed (Fig. 7E). As expected, adoptively
transferred  WT NK cells from Cl13-infected recipients
expressed high STAT1 and GzmB compared with NK cells from
uninfected recipients. In contrast to WT NK cells, IFNAR17/~ NK
cells did not upregulate the expression of cytotoxic molecules
in Cl13-infected recipients compared with those from uninfected
recipients (Fig. 7F). This is consistent with a role for type I
IFNs in directly activating NK cells during chronic LCMV
infection.
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To assess whether type I IFN signaling is critical for the NK
cell-mediated antitumor responses in Cl13-infected mice, we
injected anti-IFNAR1, anti-NK1.1, or a combination of both
into Cl13-infected mice (40 dpi) 1 day prior to TC-1 tumor
injection and at 5 and 15 days after tumor injection. Twenty-
one days after tumor injection, IFNAR1 blockade resulted in
20% increased tumor metastasis in Cl13-infected mice, sug-
gesting that type I IFN signaling was critical for antitumor
immunity (Fig. 7G). However, no additional increase in tumor
nodules in the group treated with the combination of anti-
bodies was observed compared with the group treated with
anti-NK1.1 alone (Fig. 7G). Collectively, these results indicated
that NK cells were indispensable for antitumor immunity via
type I IFN signaling in Cl13-infected mice.

Discussion

This study demonstrated that the inflammatory milieu gener-
ated by a chronic virus infection can enhance NK cell function and
inhibit tumor progression. This effect was mediated by type I IFN
signaling, which directly augmented NK cell cytotoxicity. These
findings indicated that type I IFNs can simultaneously minimize
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NK cells display increased STAT1 expression and prefer STAT1 over STAT4 phosphorylation in response to INFB during chronic LCMV infection. A, mRNA was
isolated from splenic NK cells from uninfected, Arm-immune (57 dpi), or Cl13-infected mice (57 dpi). mRNA of various STATs were measured by qRT-PCR,
normalized to GAPDH, and compared with mRNA in NK cells from uninfected mice to calculate fold induction. B, Ex vivo STAT1 expression in NK, T, and total cells
in the spleen from uninfected, Arm-immune (45 dpi) or Cl13-infected mice (45 dpi). Numbers in the plots indicate MFI values. STAT1" cell percentages are
summarized. C and D, Phosphorylation of STATTand STAT4 during the NK cell response to INFB (50,000 U/mL) and IFNy (100 ng/mL) or IL12 (200 ng/mL) in the
splenic NK cells from uninfected, Arm-immune (45 dpi), or Cl13-infected mice (45 dpi). pSTATI and pSTAT4" NK cell percentages are summarized. One-way
ANOVA with post hoc Tukey test was used to test the statistical significance. All bar graphs show mean + SEM. A, gRT-PCR was performed using mRNA

pooled from 30 mice/group. B-D, Data are representative of at least two independent experiments (n = 3-4/group in each experiment). *, P< 0.05; **, P< 0.01;

*** P<0.001. ns, not significant.

T-cell-mediated pathologic damage from an infection and con-
tribute to sustained, or even enhanced, host immune surveillance
by upregulating NK cell activity.

Type 1 IFNs are secreted during the early phases of chronic
infections and play an important role in regulating immune
responses. Although levels decline in the later phases of chronic
infection due to numerous negative regulators (30), studies have
shown that residual type I IFNs play an important role in pre-
venting excessive T-cell activation LCMV mouse models (10, 11).
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For HCV, persistent interferon-stimulated gene expression is
observed during chronic infection (31). In HCV-infected patients,
sustained type I IFN signaling induces increased expression of
STAT1 in NK cells, leading to enhanced cytotoxicity and decreased
IFNY production (32). The IFNY acts to limit virus spread, whereas
the cytolytic activity may act to eliminate virus-specific T cells and
prevent T-cell-mediated immunopathology (33). Thus, NK cells
may play a critical role in immune regulation by suppressing T-cell
responses (16). It is believed that NK cells retain their regulatory
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functions during later stages of a chronic infection by killing
virus-specific T cells because depletion of NK cells at later
stages of chronic infection results in increased virus-specific T
cells and lower virus titers (17). Therefore, Waggoner and collea-
gues proposed a strategy to restore the T-cell functions and
antiviral capacity of chronically infected individuals by removing
NK cells (17). However, our study suggested that chronically
infected individuals may be susceptible to cancer progression if
they do not have NK cells. This paradoxical phenomenon can be
viewed as a mechanism of immunologic compensation to protect
chronically infected individuals from opportunistic infections or
carcinogenesis. We believe that this paradox is resolved by our
results showing that NK cells are not exhausted, but rather
activated, as the virus titer increases, even though antigen-specific
T cells are progressively exhausted during chronic virus infec-
tion (23). In thisregard, our results indicated that NK cells, but not
antigen-specific T cells, provide cancer immunosurveillance dur-
ing chronic LCMYV infection. These beneficial effects on cancer
immune surveillance by NK cells during persistent viral infections
have also been reported in previous studies (7, 8). Here, we have
extended these studies to reveal insights into the mechanism of
NK cell-mediated antitumor effects.

Several studies have reported antitumor phenomena in
chronically infected patients. First, HCV has been reported to
interfere with liver metastasis in colorectal cancer patients.
Approximately 35% to 40% of patients with advanced colo-
rectal cancer develop liver metastasis, and although the fre-
quency metastases to the lung was reported to be similar
between chronically HCV-infected and uninfected patients,
metastases to the liver, the main reservoir of viral replication,
decreased by more than 2-fold (34, 35). It was speculated that
activated hepatic CD8" T cells might kill nonantigen-bearing
bystander cancer cells, but considering our findings, NK cells
are more likely to be the key players in patients infected with
HCV. Second, reactivation of latent viruses, such as human
cytomegalovirus (HCMV), is frequently observed when leuke-
mia patients receive hematopoietic stem cell transplantation,
and HCMV reactivation has been correlated with an increase in
NK cell maturation (36) and decreased leukemia relapse (37).
It is possible that the activation of NK cells due to HCMV
recurrence contributes to a reduction in leukemia relapse.
Third, chronic HCV infection causes progressive liver fibrosis,
which can lead to cirrhosis and hepatocellular carcinoma
(HCCQ). Eradication of the virus can prevent the onset of HCC.
Although direct-acting antivirals (DAA) dramatically reduce
HCV levels in infected patients (38), studies have demonstrat-
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ed a rapid increase in HCC recurrence in HCV patients who
received an IFN-free DAA therapy (39, 40). These findings are
controversial, but are a clinical concern (41-43). Disruptions
in immune surveillance after DAA therapy, such as reduced
type I IFN production (44) and NK cell activity (42, 45, 46),
have been speculated to cause rapid HCC recurrence. Taken
together, our results point to a potential mechanism tying
together these various clinical observations.

Anticancer therapy using the immune system has undergone
a renaissance, and several therapies, such as virotherapy,
immune-checkpoint blockade (ICB), and adoptive cell transfer,
have all shown great promise. The mechanism of virotherapy is
not yet fully understood, but it can be broadly divided into the
recruitment and activation of immune cells by inflammatory
cytokines and the direct lysis of tumor cells. According to a
published study (47), nononcolytic LCMV showed superior
anticancer effects compared with the oncolytic vesicular sto-
matitis virus widely used in virotherapy. Kalkavan and collea-
gues found that locally or systemically administered LCMV
preferentially replicated in cancer cells, causing Ly6C* mono-
cytes to secrete type I IFNs, resulting in the activation of tumor-
specific CD8™ T cells and tumor regression (47). In contrast, we
did not observe the rapid replication of LCMV. The difference in
the two studies may be due to the duration of the viral
infection. Here, the tumor cells were injected at the late stage
of infection when virus was not actively replicating. Kalkavan
and colleagues also acknowledged that T cells were largely
dispensable in the mechanisms of antitumor effects of LCMV
in the Tcrab™~, Ragl1™~, and NOD/SCID mouse models (47).
They also found that type I IFNs act directly on tumor regres-
sion by reducing angiogenesis rather than activating host
cells (47).

ICB is currently receiving a great deal of attention, but many
patients do not respond to the therapy. Chronic exposure to
IFNs promotes resistance to ICB by upregulating the expression
of multiple T-cell inhibitory receptors in tumor cells (48).
Consequently, ICB monotherapy may be rendered ineffective
in patients with chronic viral infections, and combination
therapy with several types of immune-checkpoint inhibitors
or NK cell-based therapies may be preferable. Although adop-
tive T-cell transfer has also been regarded as promising, NK
cell-based therapy has not received much attention due to poor
clinical outcomes. Most studies have used cytokines, such as IL2
and IL15, to expand and activate NK cells (49). Based on our
experimental results, type I I[FNs appear to be more suitable for
increasing the antitumor activity of NK cells. Direct injection of

Figure 7.

Type | IFN signaling is critical for NK cell cytotoxicity in LCMV-Cl13-infected mice. A, Anti-IFNAR1 (0.5 mg) or control isotype antibody (0.5 mg) was administered
intravenously (i.v.) twice into Cl13-infected mice at 40 dpi. At 5 days post blockade, splenic and pulmonary NK cells were analyzed. B, Ex vivo STAT1 expression in
splenic NK cells. Numbers in the plots indicate MFI values in NK cells. STATT" NK cell percentages are summarized. C, CD69 and GzmB expression on splenic and
pulmonary NK cells. Numbers in the plots indicate the MFI values in NK cells. Percentages of indicated marker-positive NK cells are also depicted in graphs. D,
Pulmonary NK cells restimulated in vitro with YAC-1 cells (E:T ratio: 10:1) were evaluated for CD107a expression and IFNy accumulation. Representative plot and
graphs show the percentages of CD107a* or IFN-y* NK cells. E, WT (Ly5.1/5.2) or IFNAR1TKO (Ly5.2/5.2) splenocytes were obtained from naive mice and
adoptively transferred i.v. into uninfected or Cl13-infected mice (Ly5.1/5.1, 45 dpi), respectively. At 3 days post transfer, splenocytes were analyzed for STAT1and
GzmB expression in NK cells. F, STAT1 and GzmB expression in NK cells from uninfected or Cl13-infected recipients. Graphs represent the fold increase in
expression (MFI) of donor cells from WT or IFNAR1 KO splenocytes in Cl13-infected recipients compared with uninfected recipients. G, Anti-IFNAR1 (day -4: 1mg;
days 5and 15: 0.5 mg), anti-NK1.1 (day -4: 1 mg; days 5 and 15: 0.5 mg), or combination of both (day -4 anti-IFNART and anti-NK1.1: 1 mg; days 5 and 15 anti-IFNAR1
and anti-NK1.1: 0.5 mg) was administrated i.v. into Cl13-infected mice (40 dpi). At day 21 post tumor injection (5 x 10° cells/mouse; i.v.), mice were sacrificed, and
tumor nodules in the lungs were measured. B-F, Data were analyzed by two-tailed unpaired Student t test and (G) one-way ANOVA with post hoc Dunnett test.
All bar graphs show the mean & SEM. B, D, Data are representative of at least two independent experiments (n = 3-4/group in each experiment). C, F, G, Data
are pooled from two experiments (n = 3-4/group in each experiment). *, P< 0 0.05; **, P< 0.01; ***, P< 0.001. ns, not significant.
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type I IFNs induces antitumor responses by multiple mechan-
isms, including stimulation of innate and adaptive immune
cells and direct inhibition of tumor growth. However, consid-
erable challenges remain, such as reducing tissue toxicity and
increasing the half-life of the cytokine in vivo. Indeed, from the
late 1970s to the mid-1980s, there were many attempts to use
type I IFNSs as tools in anticancer treatment, but it is not widely
used now. Various strategies are being attempted to directly
deliver type I IENs to the tumor microenvironment to overcome
these limitations (50). These approaches might constitute a safe
and potent antitumor therapy when combined with NK cell
transfer therapy.

Taken together, our findings revealed that chronic viral
infections and type I IFNs drive NK cells into a terminally
differentiated phenotype characterized by higher cytotoxicity
and reduced inhibitory receptor expression. These activated NK
cells can play key roles in general antitumor immune surveil-
lance, and these findings redefine our understanding for the
role of immunosuppression of type I IFNs and NK cells in
chronic viral infections. These data could help facilitate the
development of more effective treatment strategies for a variety
of cancer patients.
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