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Interferon-alpha Subtype 11 Activates NK Cells and
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The innate immune response mediated by cells such as natural killer (NK) cells is critical for the rapid containment of virus
replication and spread during acute infection. Here, we show that subtype 11 of the type | interferon (IFN) family greatly
potentiates the antiviral activity of NK cells during retroviral infection. Treatment of mice with IFN-a11 during Friend
retrovirus infection (FV) significantly reduced viral loads and resulted in long-term protection from virus-induced leukemia.
The effect of IFN-a11 on NK cells was direct and signaled through the type | IFN receptor. Furthermore, IFN-o11-mediated
activation of NK cells enabled cytolytic killing of FV-infected target cells via the exocytosis pathway. Depletion and adoptive
transfer experiments illustrated that NK cells played a major role in successful IFN-a.11 therapy. Additional experiments with
Mouse Cytomegalovirus infections demonstrated that the therapeutic effect of IFN-a.11 is not restricted to retroviruses. The
type | IFN subtypes 2 and 5, which bind the same receptor as IFN-a11, did not elicit similar antiviral effects. These results
demonstrate a unique and subtype-specific activation of NK cells by IFN-ot11.

Citation: Gibbert K, Joedicke JJ, Meryk A, Trilling M, Francois S, et al. (2012) Interferon-alpha Subtype 11 Activates NK Cells and Enables Control of Retroviral

Editor: Daniel C. Douek, National Institutes of Health/National Institute of Allergy and Infectious Diseases, United States of America
Received March 27, 2012; Accepted July 5, 2012; Published August 9, 2012

Copyright: © 2012 Gibbert et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by the German Research Association (GRK 1045). The funders had no role in study design, data collection and analysis,

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Natural killer (NK) cells play an important role in the host
defense against viral infections. They can recognize and kill virus-
infected cells and produce cytokines like Interferon-y (IFN), which
enhance innate and adaptive immunity [1]. In contrast to B and T
lymphocytes, NK cells do not rearrange their receptors somatically
but they express various activating and inhibitory receptors on
their surfaces, which recognize major histocompatibility complex-
es (MHCQ), as well as other ligands [2].

NK cells were shown to be critical for the control of herpes
virus infections, like herpes simplex virus-1 or cytomegalovirus
(CMV) [3,4]. There is also some evidence emphasizing their
importance in retroviral infections. Polymorphisms in Killer-cell
immunoglobulin-like receptors and human leukocyte antigen
(HLA), which significantly delay AIDS-progression in HIV-
infected individuals, have been described [5]. Three single
nucleotide polymorphisms located in the HLA gene locus were
shown to be associated with lower viral set points in chronic HIV-
1 patients and thus an influence on NK cell recognition was
proposed [6]. Furthermore, immune escape from NK cell
responses has been described for HIV-1. For example, the
ligands for the activating NK cell receptor NKG2D (MICA,
ULBPI1 or ULBP2) are down-regulated by the HIV Nef protein
on infected cells, which might protect them from NK cell killing
[7]. Untl now, it is still not fully understood how NK cells
recognize HIV-infected cells and how much they can contribute
to HIV control, but it is quite obvious that they cannot
completely prevent HIV pathology. In other retroviral infections,
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like Friend Virus (I'V) infection of mice, NK-cell responses have
also been described [8]. However, depletion experiments showed
that they do not contribute significantly to the control of acute
FV replication [9]. Thus, augmenting NK cell responses during
acute retroviral infection might be a promising therapeutic
approach to enhance retroviral immunity. It was shown that
cytokines like Interleukin (IL)-12, IL-15, IL-18 or type I IFN are
required for efficient NK cell activation. Conventional dendritic
cells (DC) produce the cytokines IL-12, IL-15 and IL-18 that
activate NK cells [10], whereas plasmacytoid DC produce large
amounts of type I IFN, which is required for NK cell proliferation
and cytotoxicity [11]. During HIV infection, the initial type I IFN
response is rapid but only very transient [12] and during FV
infection no type I IFN is detectable in the plasma of infected
mice [13,14]. This weak type I IFN response during retroviral
infections might contribute to an inefficient NK cell activation
and incomplete NK cell-mediated control of virus replication.
Thus, therapeutic improvement of NK cell responses using
exogenous IFN-o0 might be a good strategy to treat retroviral
infections. An activating effect of IFN-a on NK cells was
previously described in HCV-infected patients treated with IFN-
a2a. The treatment increased the cytotoxicity of NK cells, and
this correlated with reduced viral loads [15,16], but in human, it
is difficult to define the i vivo contribution of NK cells to the
antiviral response since experiments such as NK depletions or
transfers are not possible. In addition, very little is known about
the antiviral effect of type I IFN and NK cells in retroviral

infections.
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Author Summary

The innate immune response mediated by cells such as
natural killer (NK) cells can contribute to immunity against
viral infections. NK cells can kill virus-infected cells and
thus inhibit virus replication and spread during acute
infection. However, in infections with retroviruses, like HIV,
these cells are not sufficient to prevent pathology. Here,
we describe a new strategy to augment natural killer cell
responses during virus infections by using a subtype of the
type | interferon family as antiviral drug. This therapy
strongly activated NK cells and enabled them to control
retrovirus as well as herpes virus infections in mice. The
new approach might have great potential for the
treatment of many infectious and tumor diseases in which
natural killer cells play a significant role in immunity.

Therefore, we used the FV mouse model to develop a new strategy
to therapeutically improve NK cell responses with IFN-ot subtypes
during acute retroviral infection. FV is a retroviral complex (Friend
murine leukemia virus (F-MuLV) and Spleen focus-forming virus
(SFFV)) that induces acute splenomegaly in susceptible mice due to a
rapid polyclonal erythroblast proliferation, which is followed by the
development of a lethal erythroleukemia [17]. Infected mice were
treated with exogenous type I IFN during acute IV infection and
antiviral NK cell responses were determined.

Type I IFN belong to a multigene family consisting of several
IFN-a subtypes but only one IFN [18]. All type I IFN subtypes
are genetically highly conserved [19]. Interestingly, they all bind
the same ubiquitously expressed receptor (IFN-o/f receptor,
IFNAR) but they differ in their biological activities [20]. Hints to
explain the distinct functions come from studies reporting that
various human IFN-a subtypes bind with different affinities to the
2 receptor subunits [21]. This leads to distinct downstream
signaling cascades shown by phosphorylation of STAT molecules
and MAP kinases [22] and finally results in unique expression
patterns of IFN-stimulated genes (ISG) for each IFN-o subtype
[23]. This 1s in line with results from @ vitro and i vivo studies on
several viral infections that report distinct antiviral activities of
specific IFN-a subtypes [18,24-27]. However, these studies do not
address the antiviral mechanisms of IFN-a subtypes, which most
likely include important immunomodulatory properties. Here, we
determined the stimulatory effect of 3 different IFN-a subtypes on
NK cell responses and their ability to reduce FV infection in vivo.
Only IFN-a11 showed a potent antiretroviral effect and selectively
augmented NK cell responses during acute infection. Such defined
immunotherapies with specific IFN-o subtypes should be interest-
ing new strategies to treat viral infections or cancer.

Materials and Methods

Ethics statement

Animal experiments were performed in strict accordance with
the German regulations of the Society for Laboratory Animal
Science (GV-SOLAS) and the European Health Law of the
Federation of Laboratory Animal Science Associations (FELASA).
The protocol was approved by the North Rhine-Westphalia State
Agency for Nature, Environment and Consumer Protection
(LANUYF) (Permit Number: G1204/11). All efforts were made to
minimize suffering.

Mice and virus

Three to 6 month old female (B10.AXA.BY) F; mice (H-2*"")
(Jackson, USA) and C57BL/6 mice (H-2""") (Harlan, Germany)
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were used for the experiments. Experiments were also done with
congenic CD45.1% C57BL/6 mice, IFNAR ™/~ mice [28] and
GzmB ™/~ [29] mice backcrossed more than 10 times on C57BL/
6 background. The B-tropic, polycythemia-inducing FV complex
used in all experiments was taken from uncloned virus stocks
obtained from 15% spleen cell homogenates from BALB/c mice
infected 14 days previously with 3,000 spleen focus-forming units
(SFFU) [30]. The used stock was not contaminated by lactate
dehydrogenase-elevating virus. The progression of disease was
monitored by spleen weights and virus assays as indicated.

In all experiments, (B10.AXA.BY) F, mice were injected
mtravenously with 0.5 ml PBS containing 7000 SFFU of the
FV-complex. C57BL/6, GzmB™’~, CD45.1* and IFNAR /"~
mice were injected intravenously with 0.5 ml PBS containing
20,000 SFFU of the FV complex. MCMYV, strain Smith, a DNA
virus of the herpes virus family, was obtained from salivary glands
of infected BALB/ ¢ mice [31]. For acute virus infections, C57BL/
6 mice were injected intraperitoneally with 4 x10° plaque forming
units (PFU) of MCMV.

Expression of IFN-o subtypes and measurement of IFN-o

subtype concentrations

Expression of IFN-a2 and IFN-a5 were performed as previously
described [32]. To produce murine IFN-oll, the cell line
HEK293mIFNalphall was cultivated as described [33]. All
concentrated supernatants were tested for IFN-o subtype concen-
tration by a virus-free, cell-based bioassay using Mx/Rage 7 cells

[32,33]_ENREF_18_ENREF_17.

IFN-a inhibition assay

Mus dunni tail fibroblast cells were pre-treated n vitro for 24 h
with increasing concentrations (2.5-40 units/ml) of IFN-02, a5 or
all. Cells were then infected with 25 FFU of F-MuL.V, cultivated
for 3 days, fixed with ethanol, stained with F-MuLV envelope-
specific mAb 720, and developed with peroxidase-conjugated
goat anti-mouse antibody and aminoethylcarbazol to detect foci

[34].

IFN-o subtype treatment

Mice were injected intraperitoneally daily from day —1 through
+9 or day +3 through +9 of infection with 8000 units of the
different IFN-o0 subtypes. Control mice were injected with the
supernatant of 2931 cells transfected with an empty vector. One
hour post injection, similar IFN-o concentrations were measured
for all different IFN-o subtypes in the blood (data not shown). Ten
days post infection, the mice were sacrificed and analyzed for
disease progression and viral loads.

Detection of virus-infected cells

Infectious center (IC) assays were performed as described
previously [34]. The number of MCMV PIFU was determined by
plaque assay using a 10% homogenate of tissue taken from
individual mice and tenfold dilutions of this homogenate on G'T-
KO cells were used to quantify MCMV titers [35]. Titers reported
are numbers of log;o PFU per whole spleen, liver and salivary
glands.

RNA isolation

Total RNA was isolated from splenocytes utilizing TRIzol
Reagent (Life technologies) and NucleoSpin RNA II (Macherey-
Nagel). Isolated RNA was dissolved in RNase-free water and
stored at —80°C.
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Real-time-PCR

Real-time-PCR (RT-PCR) analysis for the quantification of
0AS1a and PRR mRNA was performed using QIAGEN One Step
RT-PCR kit and QIAGEN Quanti Tect Primer assay for 04S7a
and PKR. The quantitative mRNA levels were performed by using
StepOne Software v2.2 (Applied Biosystems) and were normalized
to B-actin mRNA expression levels.

Tetramers and tetramer staining

For quantification of virus-specific CD8" T cells, spleen cells
were stained with anti-CD8 (Ly-2) and MHC class I H2-DP
tetramers specific for the FV GagL epitope [36] for 30 min at
room temperature. For detection of virus-specific CD4" T cells,
spleen cells were stained with MHC class II-antibody tetramers
specific for F-MuLlV env fn20 [37] for 3 h at 37°C. Subsequently,
cells were stained with anti-CD4 (RM4-5) for additional 30 min at
37°C.. Cells were washed twice, resuspended in buffer containing
7-aminoactinomycin D (7AAD) and analyzed by flow cytometry.

Cell-surface and intracellular staining

Cell-surface staining was performed with the following antibod-
ies: anti-CD3 (17A2), anti-CD49b (DX5), anti-CD69 (H1.2F3),
anti-NK1.1 (PK136) and anti-TRAIL (N2B2). Dead cells (positive
for fixable viable dye; eBioscience) were excluded from analysis.
Intracellular granzyme B (clone GB12) staining was performed as
described [38]. Data were acquired on a LSR II flow cytometer
(BD Biosciences) and analyses were performed using FACSDiva
(BD Biosciences) and Flow Jo (Tree Star) software.

In vivo cytotoxicity assay
The i vwo cytotoxicity assay was performed as previously
described [39].

NK cell depletion

Mice were injected intraperitoneally with 0.5 ml of supernatant
fluid containing NKI1.1-specific monoclonal antibody PK136.
Mice were injected every other day starting on the day of FV or
MCMYV infection.

NK cell cytotoxicity assay in vitro

In wtro cytotoxicity assay was performed using the lactate
dehydrogenase release (LDH) assay (CytoTox 96 nonradioactive
cytotoxicity assay, Promega) according to the manufacturer’s
protocol. NK cells were isolated from splenocytes of naive mice,
FV-infected and FV-infected IFN-a11-treated mice at 10 days post
infection (dpi) by MACS technology (Miltenyi Biotec). The
cytotoxicity assay was performed in 96-well U-bottom plates with
1x10*" YACI [40] or FBL-3 cells [41] with different numbers of
NK cells to obtain the effector to target ratios as indicated.
Absorbance was recorded at 490 nm using an Expert Plus
Microplate Reader (Biochrom). In some experiments, the isolated
NK cells were pretreated with 20 nM concanamycin A (CMA)
(Sigma-Aldrich) for 2 h to inactivate perforin [42]. Caspase-
dependent cytotoxicity was evaluated by adding 100 pM Z-VAD-
fmk (Peptanova) to the cells. TRAIL- and Fas-mediated cytotox-
icity was analyzed by adding mouse neutralizing anti-TRAIL
(10 pg/ml; clone N2B2), anti-Fas ligand (10 ug/ml; clone MFL3)
or isotype control (10 pg/ml).

Mixed bone marrow chimeras

Bone marrow cells were collected from the femurs and tibias of
CD45.17 wild type or CD45.2" IFNAR ™/~ mice. C57BL/6
recipient mice were irradiated at 1050 rad and reconstituted

@ PLoS Pathogens | www.plospathogens.org

IFNot11-Mediated Control of Retroviral Infection

24 h later with a mixture of bone marrow cells composed of 5 x 10°
cells from CD45.1% wild type and 5x10° cells from CD45.2*
IFNAR /™ mice. Thirty days later, mice were treated with TFN-
a1l and infected with FV according to the standard protocol.

Adoptive transfer of NK cells

NK cells were isolated from splenocytes of FV-infected and FV-
infected IFN-all-treated mice at 9 dpi by MACS technology
(Miltenyi Biotec). Adoptive transfers were done by i.v. injection of
2x10° cells in PBS. Recipient mice were infected with FV and
received NK cells at 6 dpi. Four days post transfer, the spleen
samples were assayed for viral loads.

Statistical analyses

Statistical analyses and graphical presentations were computed
with Graph Pad Prism version 5. Statistical differences between 2
different groups were analyzed by the unpaired student’s t test.
Analyses including several groups were tested using the Kruskal-
Wallis one-way analysis of variance on ranks and Dunn’s multiple
comparison test.

Results

Antiretroviral activity of IFN-a11 in vivo

Since universal IFN-o, a mixture of several different IFN-o
subtypes, has a strong inhibitory effect on FV replication [14], we
analyzed the potency of the 3 subtypes IFN-02, a5 and all to
inhibit and control FV replication i vivo. Therefore, we infected
susceptible (B10.A xA.BY) I'; mice with FV and treated them daily
with 8000 units of the different IFN-a subtypes starting one day
prior to infection. At 10 dpi, mice were analyzed for viral loads
and FV-induced splenomegaly. The IFN-oll-treated mice had
2.6-fold lighter spleens (mean: 0.7 g) compared to FV-infected
control mice (mean: 1.8 g) (Fig. 1A). In contrast, the application of
IFN-02 or o did not significantly reduce spleen weights (Fig. 1A).
Similarly, spleen viral loads were significantly reduced by IFN-o11
treatment (mean viral loads per spleen: 7.9x10°% compared to
untreated control mice (mean viral loads per spleen: 3.8x107),
whereas IFN-02 or a5 did not reduce viral loads (Fig. 1B). Also
treatment with very high concentrations of IFN-a2 or a5 (40,000
units of IFN-02 or 32,000 units of IFN-a5) did not significantly
reduce viral loads indicating that the lack of activity cannot be
overcome by increasing concentrations (data not shown). Thera-
peutic post-exposure treatment with IFN-all starting at 3 dpi
showed similar results with significantly reduced splenomegaly and
viral loads (data not shown). Long-term experiments also
demonstrated that IFN-a11 treatment during acute FV infection
resulted in a sustained reduction in viral loads and prevented the
development of lethal erythroleukemia (Fig. 1C), demonstrating
the high antiviral potential of IFN-o11.

Activated NK cells played a crucial role in successful IFN-
al11 therapy

NK cells are able to kill virus-infected target cells and thus
restrict viral replication. Hence, we investigated whether the
antiretroviral response, which was observed m viwo (Fig. 1), was
mediated by NK cells. First, we analyzed IFN-02, a5 and all-
treated and untreated FV-infected mice at 10 dpi for the
activation status of their splenic NK cells (Fig. 1). As shown in
Fig. 2A, the frequency of activated NK cells (CD69") was
significantly increased after IFN-oll treatment (mean: 8200
NKI1.1"CD3~CD49b"CD69" cells) compared to FV-infected
control mice (mean: 930 NK1.1"CD3~CD49b*CD69" cells). This
effect was highly specific for IFN-all, as a5 or o2 treatment did
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Figure 1. Antiretroviral activity of different IFN-a subtypes in vivo. (B10.AxA.BY) F1 mice were treated daily with 8000 units of IFN-02, o5 or
a11 from —1 through +9 dpi with 7000 SFFU of FV. Ten dpi, disease progression and viral loads were analyzed. Virus-induced splenomegaly was
documented by spleen weights (A) and viral loads were measured in the spleen (B) by using an infectious center assay. To analyze the long-term
protection of IFN-at11 treatment, we treated mice with IFN-a.11 during the acute phase of FV infection (—1 through +9 dpi). At 6 weeks post infection,
viral loads were analyzed by an infectious center assay (C). At least 5 mice per group were analyzed and the mean values for each group are indicated
by a bar. At least 2 independent experiments were performed. Differences between the control group (FV) and the groups of treated mice (FV+IFN-

o2, a5, or a11) were analyzed.
doi:10.1371/journal.ppat.1002868.g001

not influence the NK cell activation (Fig. 2A). The data suggest
that NK cells might play an important role in the elimination of
FV-infected cells after IFN-a11 treatment. To test this hypothesis,
we performed NK cell depletions during IFN-a11 therapy of acute
FV infection. For these experiments and some of the following
experiments, C57BL/6 mice instead of the more susceptible
(B10.AxA.BY) F1 mice were used because NK depletion is more
efficient in this strain, and knockout mice were needed for some of
the experiments. Note that the viral loads in C57BL/6 mice were
lower than in (B10.AxA.BY) F1 mice (Fig. 1B and 2B) but the
therapeutic effect of IFN-all was also highly significant in
C57BL/6 mice (Fig. 2B). At 10 dpi, =99.5% of the splenic NK
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cells (NK1.1"CD3~CD49b") from C57BL/6 mice were ablated by
the injection of NK1.1-specific antibodies (data not shown). The
NK cell depletion during IFN-al1 therapy resulted in a 4.3-fold
increase in mean viral loads compared to non-depleted IFN-o11-
treated mice (Fig. 2B). However, NK cell depletion abolished only
part of the antiretroviral effect of IFN-al1, and the mean viral
load in the IFN-oll-treated, NK cell-depleted group was still
significantly lower than in the control group of FV-infected mice.
The data indicate that activated NK cells partially contributed to
the antiretroviral effect of IFN-oll. In contrast, virus-specific
CD4" T cell responses were not significantly augmented by IFN-
all (mean: 1900 CD4" tetramer-II* T cells) compared to FV-
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infected control mice (mean: 910 CD4" tetramer-IT" T cells) (Fig.
S2), whereas an enhanced frequency of virus-specific CD8" T cells
was observed after IFN-ol1l1 treatment. (mean: 3700 CD8*
tetramer-I" T cells) compared to FV-infected control mice (mean:
900 CD8" tetramer-I" T cells). However, the therapy with IFN-
all significantly decreased cytotoxic activity of the FV-specific
CDS8" T cells in vivo (Fig. S2C) excluding their contribution to the
therapeutic effect.

Thus, a more direct antiviral activity of IFN-o.11 may account
for the other part of its antiviral effect. Type I IFN can induce the
expression of enzymes, like proteinkinase R (PKR) or oligoade-
nylate synthetase (OASla), that directly inhibit viral transcription
or protein translation. To investigate if treatment with IFN-o11
induced these enzymes, we analyzed the induction of PKR and
0AS1a in splenocytes of FV-infected, IFN-o11-treated mice i vivo
(Fig. S1B). The mRNA levels of both antiviral enzymes were
significantly increased in IFN-oll-treated mice compared to
untreated FV-infected controls (Fig. S1B). The antiretroviral
activity of all 3 IFN-o subtypes was also investigated in a NK
cell-free cell culture system using different IFN concentrations (Fig.
S1A). IFN-a11 was very potent in inhibiting F-MuLV replication
wm wvitro (inhibition: 79.4% at the highest IFN-ot concentration).
IFN-o2 could not inhibit F-MuLlV replication i vitro and IFN-0t5
blocked F-MuLV replication only at a very high concentration
(Fig. S1A). These results highlight that IFN-a11 induced ISG with
direct antiviral potential likely contributed to its anti-FV activity i
vivo.

IFN-0.11 treatment improved NK cell effector functions

The NK depletion experiments suggested an important
antiviral effect of NK cells during IFN-al1 treatment. NK cells
mediate their effector function through the recognition and
killing of virus-infected cells by releasing cytotoxic granules
containing e.g. granzyme B and perforin, or the expression of
ligands for death receptors, e.g. TRAIL or FasL. We sacrificed
IFN-a subtype-treated and non-treated FV-infected mice at
10 dpi and analyzed splenic NK cells for the expression of
granzyme B (Fig. 3A) or TRAIL (Fig. 3B+C). A sixfold increase in
the percentages of NK cells expressing granzyme B was observed
in  IFN-oll-treated mice (mean: 21%  GzmB" of
NK1.1*CD3~CD49b") compared to FV-infected control mice
(mean: 6%). IFN-al1 treatment also significantly up-regulated
the surface expression of TRAIL on splenic NK cells compared
to untreated controls as shown in a representative flow cytometry
histogram and for mean fluorescence intensities of TRAIL
expression on NK cells (Fig. 3B and C). In contrast, IFN-02 or
ad treatment did not increase the expression of cytotoxic
molecules by NK cells (Fig. 3A). To gain full effector functions,
NK cells have to be primed by different cytokines like type I IFN,
IL-12, IL-18 or IL-15_ENREF_34. Thus, we investigated
whether IFN-al1 activates NK cells directly or if the priming is
mediated indirectly by other cells. We irradiated C57BL/6 mice
and 24 h later we injected bone marrow cells intravenously from
IFN-0/B receptor knockout mice (IFNAR /7, CD45.2%) and
wild type mice (CD45.1%) (ratio 1:1). Thirty days post cell transfer
we infected these mice with FV and treated them with IFN-a11
according to the standard protocol. Ten dpi, the mice were
analyzed for granzyme B expression in IFNAR ™/~ NK cells
(CD45.2") versus wild type NK cells (CD45.1%). More than 5% of
all CD45.1" wild type NK cells expressed granzyme B after IFN-
all treatment, whereas only 0.8% of the CD45.2" TFNAR ™/~
NK cells produced granzyme B post treatment (Fig. 3D). This
suggests that IFN-all acted directly on NK cells via binding to
the IFNAR.
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IFN-011 induced granzyme B-dependent killing of virus-
infected target cells

We demonstrated an increased expression of granzyme B and
TRAIL in splenic NK cells after IFN-a11 treatment. To verify
that this up-regulation of cytotoxic molecules and death receptor
ligands resulted in an increased cytotoxic potential of NK cells,
we compared the lysis of target cells by splenic NK cells isolated
from FV-infected mice treated with IFN-all or left untreated.
For the cytotoxicity assay, NK cells were co-cultured with 2
different target cell lines at different effector/target ratios. As
positive control, we used YAC-1 cells derived from a Moloney
murine leukemia virus-induced lymphoma. These cells have a
low H-2 expression, which makes them sensitive to NK cell killing
[40]. Furthermore, F-MuL\V-induced FBL-3 leukemia cells, a cell
type which represents a possible target for NK cells during FV
infection i vivo, were tested. Fig. 4A shows that NK cells from
FV-infected non-treated mice were unable to efficiently lyse the 2
target cell lines. This is in line with our findings that depletion of
NK cells in FV-infected non-treated mice did not affect viral
loads (Fig. 2B), suggesting that FV infection alone does not
efficiently activate NK cells. In contrast, both cell lines were
efficiently killed by those NK cells isolated from IFN-o]1-treated
mice. These data indicate that IFN-oll treatment strongly
improves NK cell cytotoxicity i wvitro. To determine which
cytotoxic pathway was involved in the antiviral activity of IFN-
all-activated NK cells, we tested the cytolytic potential of NK
cells in the presence of different inhibitors or neutralizing
antibodies. As it is shown in Fig. 4B, the specific lysis of FBL-3
cells was inhibited by the pan-caspase inhibitor Z-VAD-fmk,
which was used as a positive control, since it blocks all known
cytotoxic pathways of NK cells. In addition, the blockage of the
perforin/granzyme pathway by the inhibitor CMA significantly
reduced the lysis of FBL-3 cells to less than 45% of control
cultures. By contrast, TRAIL or FasL blocking antibodies did not
reduce the specific lysis of FBL-3 cells by NK cells from IFN-a11-
treated mice. To verify these results, we isolated splenic NK cells
from IFN-oll-treated or non-treated FV-infected granzyme B
knockout mice (GzmB ™’ 7). In contrast to NK cells from wild
type mice, NK cells isolated from IFN-oll-treated GzmB™/~
mice did not efficiently kill FBL-3 cells (only 29% of the killing
from wild type controls) showing that granzyme B was indeed
required for the i vitro cytotoxicity of activated NK cells (Fig. 4C).
To investigate the role of granzyme B during IFN-ol1 treatment
in vivo, we infected wild type mice and GzmB ™/~ mice with FV
and treated them with IFN-all (Fig. 4D). At 10 dpi, mice were
analyzed for viral loads. In GzmB~"~ mice IFN-a11 treatment
resulted in a 3.5-fold reduction of the viral loads, whereas in the
wild type mice a 20-fold decrease in the viral loads was observed
(Fig. 4D). The viral loads in the IFN-a1 1-treated GzmB ™/~ mice
were similar to those found in the NK cell depletion experiments
(Fig. 2B), indicating that IFN-all activated NK cells required
granzyme B to efficiently target retrovirus-infected cells. The
reduction in viral loads in the GzmB ™/~ mice was probably due
to the direct antiviral effect of IFN-a11 (Fig S1).

Apart from a possible direct antiviral effect of IIFN-ot1 1-induced
ISG, NK cells seem to be the essential factor in the antiviral
response against FV induced by IFN-all. Thus, it should be
possible to transfer the therapeutic effect of IFN-al1 by adoptively
transferring NK cells from treated mice. To evaluate this, we
adoptively transferred 2x10° NK cells from IFN-o11-treated mice
into FV-infected recipients. Four days post NK cell transfer, mice
were analyzed for viral loads. We observed a 17-fold reduction in
FV loads after transfer of NK cells from IFN-al1-treated animals
compared to the transfer of NK cells isolated from FV-infected
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Figure 2. Analysis of NK cells from IFN-a11-treated mice. (B10.A xA.BY) F; mice were treated daily with 8000 units of IFN-a2, a5 or a11 from
—1 through +9 dpi with 7000 SFFU of FV. At 10 dpi, splenocytes were analyzed by flow cytometry. The early activation marker CD69 was used to
analyze the frequencies of activated NK cells (NK1.1* CD3™ CD49b") (A). C57BL/6 mice were treated daily with 8000 units of IFN-o11 from —1 through
+9 dpi with 20,000 SFFU of FV. NK cells were depleted by 5 injections of supernatant of clone PK136, starting at the day of infection. IFN-0.11-treated
non-depleted mice and NK cell depleted, non-treated mice were used as control groups. At 10 dpi viral loads in the spleen were determined (B). A
minimum of 3 mice per group were analyzed and the mean values are shown by bars. At least 2 independent experiments were performed.
Statistically significant differences between the groups are indicated by ** for p<<0.005, *** for p<<0.0005.

doi:10.1371/journal.ppat.1002868.g002

control mice (Fig. 4E). These results further imply that, apart from
its direct antiviral effect, IFN-oll directly and selectively
stimulated NK cells during retroviral infection and enabled them

to control viral replication.

IFN-at11 also reduced viral loads in a herpes virus

infection
As IFN-o11 mediated antiviral activity and improved NK cell

responses during FV infection, we investigated whether this is

@ PLoS Pathogens | www.plospathogens.org 6
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Figure 3. Analysis of NK cell effector molecules in IFN-a11-treated mice. (B10.A xA.BY) F; mice were treated daily with 8000 units of IFN-0.2,
a5 or 11 from —1 through +9 dpi with 7000 SFFU of FV. At 10 dpi, splenocytes were analyzed by flow cytometry. The frequencies of intracellular
expression of granzyme B (GzmB) in NK cells (NK1.1* CD3~ CD49b") are shown (A). Surface TRAIL expression was measured in the same NK cell
population of the IFN-a11-treated mice (shaded histogram =isotype control; dashed line=FV; solid line=FV+IFN-11) (B). The mean fluorescence
intensity of TRAIL expression was evaluated on NK cells (C). A minimum of 3 mice per group were analyzed and the mean values are shown by bars.
To analyze whether IFN-0.11 acts directly on NK cells, C57BL/6 mice were irradiated and reconstituted with mixed bone marrow cells from CD45.1*
wild type and CD45.2" IFNAR ™/~ mice at a ratio of 1:1. Thirty days later, mice were treated daily with 8000 units of IFN-o:11 from —1 through +9 dpi
with 20,000 SFFU of FV. As controls, mixed bone marrow chimeras were infected with FV or stayed naive. At 10 dpi, splenocytes were analyzed by
flow cytometry. The frequencies of intracellular expression of granzyme B in CD45.1% wild type (white bars) and CD45.2" IFNAR™/~ (black bars) NK
cells are shown (D). Eight mice in each group of infected mice were analyzed and the mean value for each group is indicated by a bar. At least 2
independent experiments were performed. Statistically significant differences between the control group (FV) and the IFN-a11-treated mice are

indicated by ** for p<<0.005 or *** for p<<0.0005.
doi:10.1371/journal.ppat.1002868.g003

specific for retroviruses or also applicable to other viral infections.
Therefore, the antiviral activity of IFN-all in a murine CMV
(MCMYV) infection was analyzed. MCMYV is a very interesting
model virus for these studies, since NK cells are strongly activated
during acute MCMYV infection and mediate efficient control of
viral replication [31]. We treated MCMV-infected C57BL/6 mice
with IFN-a11 according to our standard protocol. Seven dpi, liver,
spleen, and salivary glands were analyzed for MCMYV loads and
NK cell activation. As shown in Fig. 5A, treatment with IFN-a11
during acute MCMV infection significantly reduced viral loads in
the salivary glands and liver. Similar to IV infection, we detected a
significant increase in NK cell activation in the spleen and liver of
MCMV-infected mice after treatment with IFN-all (Fig. 5B),
demonstrating that even strong antiviral NK cell responses can be
further improved by the subtype. To further investigate, if the
enhanced NK cell activation mediated by IFN-a11 was required
for the elimination of the virus-infected cells, we performed NK

@ PLoS Pathogens | www.plospathogens.org

cell depletion experiments during MCMV infection. As shown in
Fig. 5C, IFN-al1 significantly reduced viral loads in the salivary
glands by 60-fold. In contrast, treatment with IFN-a11 in NK cell-
depleted mice resulted in only 10-fold reduced viral loads
compared to NK cell-depleted controls. These data support our
findings in the FV-model that part of the antiviral effect of IFN-
all was mediated by NK cells whereas the other part depended
on the direct antiviral activity of IFN-at11. The results indicate that
IFN-a11 is not only effective in retroviral infections but similar
mechanisms also apply to herpes virus infections. Thus, IFN-otl 1
may be an efficient drug for the treatment of many different viral
diseases.

Discussion

As an immediate early response to invading viruses, type I IFN
induces an antiviral state in virus-infected and neighboring cells,

7 August 2012 | Volume 8 | Issue 8 | 1002868
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Figure 4. Target cell killing by NK cells from IFN-a11-treated mice. C57BL/6 mice were treated daily with 8000 units of IFN-a11 from —1
through +9 dpi with 20,000 SFFU of FV. Ten dpi, NK cells were isolated from 10 individual mice per group using magnetic bead separation. NK cells
were incubated for 4 hours with 2 different target cell lines (YAC-1 and FBL-3) in different effector to target cell (E:T) ratios (A). In some assays, CMA, Z-
VAD-fmk, neutralizing anti-TRAIL, anti-Fas ligand (FasL) mAbs, or isotype control antibodies were added to NK and FBL-3 cells (E:T = 25:1) (B). Killing of
FBL-3 cells by NK cells (E:T=25:1) isolated from mice deficient in granzyme B (GzmB™'~; grey bars) and wild type mice (C57BL/6; black bars) was
investigated (C). Mice were treated daily with 8000 units of IFN-0.11 from —1 through +9 dpi with 20,000 SFFU of FV. Ten dpi, NK cells were isolated
from six individual mice per group using magnetic bead separation. Specific lysis of target cells was measured using the CytoTox 96 Non-Radioactive
Cytotoxicity Assay. Mice deficient in granzyme B (GzmB™’~; grey bars) and wild type mice (C57BL/6; black bars) treated with IFN-a11 or left untreated
were analyzed at day 10 post FV infection for viral loads in the spleen by using an infectious center assay (D). Adoptive transfer experiments of NK
cells were performed as follows. C57BL/6 mice were treated daily with 8000 units of IFN-a11 from —1 through +9 dpi with 20,000 SFFU of FV or left
untreated. Nine dpi, NK cells were isolated from 10 individual mice per group. 2x10° NK cells were adoptively transferred into recipient mice, which
were infected with FV 6 days before transfer. Four days post transfer, spleen samples were assayed for viral loads by using an infectious center assay
(E). Five mice in each group of infected mice were analyzed and the mean value for each group is indicated by a bar. At least 2 independent
experiments were performed. Statistically significant differences between the groups are indicated by * for p<<0.05, ** for p<<0.005 or *** for
p<0.0005.

doi:10.1371/journal.ppat.1002868.9004

which is mediated by the expression of antiviral enzymes directly
inhibiting viral replication. Type I IFN also modulates the effector
function of innate and adaptive immune cells.

In the current study, we have analyzed the role of IFN-o
subtypes during the treatment of retroviral infections with a focus
on their impact on NK cell responses. Treatment with IFN-otl1
inhibited IFV-replication in acutely infected mice, whereas IFN-o.2
and a5 were not effective. IFN-a11 could on one hand induce
antiviral enzymes and on other hand efficiently activate NK cells
to kill virus-infected cells. This dual antiviral role of type I IFN has
also been suggested to mediate viral clearance during HBV and
HCV therapy with human IFN-02. During the first phase of
treatment, a rapid decline in viral loads is observed probably due
to the direct antiviral effects induced by IFN-o. In addition,
activated NK cells might contribute to this initial control of virus

@ PLoS Pathogens | www.plospathogens.org

[15]. However, the virus is not completely eliminated during this
phase of treatment [43]. In many patients viral loads decrease
slowly during the ongoing treatment which can finally result in a
total clearance of HBV or HCV. These data suggest that the
modulation of innate or adaptive immune cells by IFN-o is
required for viral clearance [16,44,45]. In the current study we
demonstrate for the first time that IFN-at11 acts in such a dual role
in a retroviral infection. It induced antiviral enzymes as well as NK
cell activation i vivo and both mechanisms contributed to the
control of virus replication as shown by NK cell depletion (Fig. 2B)
and adoptive transfer experiments (Fig. 4E). These experiments
demonstrated that about 58% of the antiviral effect was mediated
by activated NK cells.

We show here that specifically IFN-ol1 stimulates NK cells,
resulting in activation and improved effector functions (Fig. 2A

August 2012 | Volume 8 | Issue 8 | 1002868
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Figure 5. Treatment with IFN-a11 during acute MCMV infection. C57BL/6 mice were treated daily with 8000 units of IFN a11 from —1
through +6 dpi with 5x10* PFU of MCMV. Seven dpi, viral loads in the spleen, liver and salivary glands were analyzed by using a plaque assay (A). NK
cells in the liver and spleen were analyzed by flow cytometry. The early activation marker CD69 was used to analyze the frequencies of activated NK
cells (NK1.1* CD3~ CD49b") (B). C57BL/6 mice were treated daily with 8000 units of IFN-0.11 from —1 through +6 dpi with 5x10% PFU of MCMV. NK
cells were depleted by 4 injections of supernatant of clone PK136 starting at the day of MCMV infection. IFN-a.11-treated non-depleted mice and NK
cell depleted, non-treated mice were used as control groups. At 7 dpi, viral loads in the salivary glands were determined by using a plaque assay (C).
A minimum of 4 mice per group were analyzed and the mean values are shown by bars. At least 2 independent experiments were performed.
Statistically significant differences between the groups are indicated by * for p<<0.05, *** for p<<0.0005.

doi:10.1371/journal.ppat.1002868.9005

and 3), which is similar to the antiviral effects of IFN-al on NK
cells [32]. IFN-at1 could also enhance the cytotoxic activity against
FV-transformed cells and the expression of granzyme B (data not
shown), which was not found for the other IFN-a subtypes tested

@ PLoS Pathogens | www.plospathogens.org 9

(IFN-02 and a5; o4, o6 and o9 in [32]). Interestingly, these 2
subtypes share a sequence motif that is different in all other
subtypes tested. The specific immunomodulatory activity is not
easy to understand, as all IFN-oo subtypes bind to the same
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receptor. One explanation seems to be their different binding
affinity to IFNARI and 2 which was shown for human IFN-o
subtypes [21]. Very similar effects have been observed for
chemokines. Various chemokines bind to the same receptor but
they all exert different biological functions. Chemokines also differ
in their binding profiles to their receptors [46] and this results in
differential downstream signaling [47]. It was reported that
different IFN-ou subtypes induce specific patterns of ISG and can
activate different signaling cascades, which might be due to their
receptor affinity and the responding cell type [22,48-51]. Various
ISG are important for the modulation of immune cell functions,
which can explain the different immunomodulatory activities of
the different IFN-a subtypes.

In the current study, IFN-a11 improved NK cell responses but
not T cell responses. Type I IFN is known to activate NK cells and
to further enhance their cytotoxicity [52] but little was known
about the different IFN-or subtypes mediating this effect. Three
older in wvitro studies from the 1980s suggest differential effects of
human IFN-a subtypes on NK cells [53-55] implying that our
findings in mouse models may be relevant for humans. Using well-
defined mouse models allows to define the basic immunological
principles of individual IFN-o subtypes.

In the FV model, virus-infected cells and transformed cells are
potential targets for NK cells. However, it was previously shown
that NK cells do not play a critical role in immunity during acute
FV infection [9], possibly due to very limited IFN-o induction by
FV [13,14]. Others showed that an activation of NK cells prior to
FV infection by a vaccination approach resulted in improved
control of viral infection [56]. Thus, therapeutic activation of NK
cells is required to enable them to control acute I'V infection.

In our model, the enhanced killing of virus-infected cells by NK
cells was strictly granzyme B dependent (Fig. 4B, C). Earlier
studies of our group have established that granzyme A and B as
well as perforin plays an important role in cytotoxicity against FV-
infected cells [57]. Granzymes are serine proteases that initiate
caspase-mediated apoptosis in target cells. Perforin is required to
get granzymes into these target cells [58], however also perforin-
independent mechanisms of granzyme A and B mediated
exocytosis were described [59]. We also detected an increased
TRAIL expression on activated NK cells after IFN-at11 treatment.
However, in i vitro cytotoxicity assays we demonstrated that only
the blocking of the granzyme/perforin pathway reduced the
cytotoxicity of activated NK cells, whereas anti-TRAIL antibodies
did not reduce the killing of FV-transformed cells by NK cells.
However, the IFN-a11 induced up-regulation of TRAIL might be
important for the treatment of other viral infections or cancer, as
numerous studies described TRAIL to be critical for anti-tumor or
antiviral NK cell functions [16,60-64].

In retroviral infections such as HIV, no specific NK cell
receptors that directly recognize HIV-1-infected cells have been
identified up to now [65]. It was suggested that NK cell responses
during HIV infection are regulated by a balance of activating and
inhibiting signals. For FV infection, one study reported that
NKG2D-RAE-1 interaction is critical for the antiviral activity of
NK cells [8]. The authors detected an increased expression of
RAE-1 on infected erythroblasts, which are the main target cells
for FV. Its blockade with anti-RAE-1 antibodies resulted in a
reduced NK cell activity against F'V-infected cells. NKG2D might
also be critical in HIV infection because it was shown that the HIV
protein Nef could down-regulate different NKG2D ligands on
infected cells, which might contribute to viral escape from NK cell
responses [7]. At least in the FV model, IFN-all treatment
efficiently activated NK cells which might help to overcome such

@ PLoS Pathogens | www.plospathogens.org
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escape mechanisms and enabled NK cells to control viral
infection.

It was previously shown that the type I IFN response during
acute IV infection is very weak [13,14]. These results are
comparable to those observed for other retroviruses, like HIV or
SIV [66]. In HIV and SIV, a transient IFN-a response is found in
the early phase of the infection. In vitro studies revealed that HIV
has multiple factors for suppressing IFN-o responses [67,68]. It
was also shown that during primary HIV infection, type I IFN are
barely detectable due to a decrease in plasmacytoid DC numbers
[69], the most important IFN-oo producers. This was also
confirmed in chronic HIV infections [70]. In SIV infections a
transient peak of IFN-o was detectable in blood and lymph nodes
of rhesus macaques, but the viral loads were not significantly
suppressed by these IFN-or levels [71]. Similar to retroviruses,
other viruses counteract type I IFN responses by various
mechanisms. Thus, the therapeutic treatment of viral infections
with exogenous type I IFN, more precisely specific IFN-o
subtypes, could have a great potential for future viral immuno-
therapies.

Our results indicate that distinct IFN-o0 subtypes have unique
biological functions, which have to be characterized in detail to
develop such therapies. The usage of specific IFN-a subtypes may
also limit their severe side effects that patients currently suffer from
during IFN treatment.

Supporting Information

Figure S1 Direct antiretroviral activity of IFN-011. (A)
Mus dunni cells were treated i vitro with increasing concentrations
of IFN-02, o5 or a1l (2.5—40 units/ml; A) 24 h prior to infection
with 25 FFU/ml F-MuLV. Cells were cultivated for 3 days, fixed
with ethanol and stained with F-MuLV envelope-specific antibody
720 to detect foci. The means of 4 independent experiments+SEM
are shown. Differences between the untreated control (0) and IFN-
o-treated cultures were analyzed. (B) (B10.AXA.BY) F; mice were
treated daily with 8000 units of IFN-a11 from —1 through +9 dpi
with 7000 SFFU of FV. Ten dpi, splenocytes were isolated from 6
individual mice per group and the total mRINA was isolated using
TRIzol. Levels of Oasla and PRR mRNA were measured by
quantitative RT-PCR. The housckeeping gene f-actin was
amplified from each sample to normalize the template concentra-
tion and used as an internal standard. At least 2 independent
experiments were performed and the samples were run in
duplicate. Means of six mice per group +SEM are shown.
Statistically significant differences between the groups are
indicated by *for p<<0.05, **for p<<0.005 or *** for p<<0.0005.
(TTF)

Figure S2 Analysis of FV-specific T cells from IFN-all-
treated mice. C57BL/6 mice were treated daily with 8000 units
of IFN-a11 from —1 through +9 dpi with 20,000 SFFU of FV. At
10 dpi, spleen cells were analyzed by flow cytometry. The
frequencies of virus-specific CD4" (A) and CD8" T cells (B) were
analyzed by tetramers. At the same time point, an @ wvwo
cytotoxicity assay was performed. Splenocytes from naive mice
were loaded with the FV-specific DbGagl. CD8" T cell epitope
and labeled with CFSE. Target cells were injected i.v. into naive,
FV-infected untreated and FV-infected IFN-all-treated mice.
Two hours after transfer, donor cells from spleen were analyzed.
The figure shows the percentage of target cell killing in the spleen
(C). A minimum of 7 mice in all groups of infected mice were
analyzed and the mean value for each group is indicated by a bar.
At least 2 independent experiments were performed. Statistically
significant differences between the untreated control group (FV)
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and the IFN-ol1-treated mice are indicated by * for p<<0.05 or **
for p<<0.005.
(TIF)
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