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ABSTRACT The recent approval of oncolytic virus for therapy of melanoma patients
has increased the need for precise evaluation of the mechanisms by which oncolytic
viruses affect tumor growth. Here we show that the human NK cell-activating recep-
tor NKp46 and the orthologous mouse protein NCR1 recognize the reovirus sigma1
protein in a sialic-acid-dependent manner. We identify sites of NKp46/NCR1 binding
to sigma1 and show that sigma1 binding by NKp46/NCR1 leads to NK cell activation
in vitro. Finally, we demonstrate that NCR1 activation is essential for reovirus-based
therapy in vivo. Collectively, we have identified sigma1 as a novel ligand for NKp46/
NCR1 and demonstrated that NKp46/NCR1 is needed both for clearance of reovirus
infection and for reovirus-based tumor therapy.

IMPORTANCE Reovirus infects much of the population during childhood, causing
mild disease, and hence is considered to be efficiently controlled by the immune
system. Reovirus also specifically infects tumor cells, leading to tumor death, and is
currently being tested in human clinical trials for cancer therapy. The mechanisms
by which our immune system controls reovirus infection and tumor killing are not
well understood. We report here that natural killer (NK) cells recognize a viral pro-
tein named sigma1 through the NK cell-activating receptor NKp46. Using several
mouse tumor models, we demonstrate the importance of NK cells in protection
from reovirus infection and in reovirus killing of tumors in vivo. Collectively, we iden-
tify a new ligand for the NKp46 receptor and provide evidence for the importance
of NKp46 in the control of reovirus infections and in reovirus-based cancer therapy.
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Reovirus is a nonenveloped double-stranded RNA virus. In humans, reovirus infec-
tion is usually associated with mild respiratory or gastrointestinal disease (1–3). To

establish infection, the virus must first attach to its target cell. This is mediated by the
binding of the reovirus capsid protein, sigma1, to different cellular targets, such as the
tight junction protein JAM-A and sialic acids, on the target cell surface (4–11). Reovirus
is an oncolytic virus that has been tested in experimental animal models and in human
clinical trials for the treatment of head and neck cancers, melanoma, lung cancer,
ovarian cancer, and colorectal cancer (1, 7, 8, 12, 13). Reovirus was shown to affect
tumor growth by direct killing of tumor cells and by activation of the immune system
against tumor cells (12–18). Despite the relative success of the current reovirus-based
therapy, attempts are being made to make this treatment even more efficient (19). For
example, coadministration of reovirus and cyclophosphamide was used to improve

Received 22 June 2017 Accepted 12 July
2017

Accepted manuscript posted online 19 July
2017

Citation Bar-On Y, Charpak-Amikam Y, Glasner
A, Isaacson B, Duev-Cohen A, Tsukerman P,
Varvak A, Mandelboim M, Mandelboim O. 2017.
NKp46 recognizes the Sigma1 protein of
reovirus: implications for reovirus-based cancer
therapy. J Virol 91:e01045-17. https://doi.org/10
.1128/JVI.01045-17.

Editor Susana López, Instituto de
Biotecnologia/UNAM

Copyright © 2017 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Ofer Mandelboim,
oferm@ekmd.huji.ac.il.

* Present address: Yotam Bar-On, Laboratory of
Molecular Immunology, The Rockefeller
University, New York, New York, USA.

Y.B. and Y.C.-A. contributed equally to this
work.

PATHOGENESIS AND IMMUNITY

crossm

October 2017 Volume 91 Issue 19 e01045-17 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.01045-17
https://doi.org/10.1128/JVI.01045-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:oferm@ekmd.huji.ac.il
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01045-17&domain=pdf&date_stamp=2017-7-19
http://jvi.asm.org


tumor cell sensitivity to reovirus (20). In addition, genetically engineered reovirus with
greater infectivity was used to increase reovirus-mediated oncolysis (21).

Improved reovirus-based therapy could also be potentially achieved by boosting the
antitumor immune response, especially by boosting NK cell activity, as it has been
shown that reovirus can induce NK cell activation against tumor cells (14, 22, 23).
However, the molecular mechanisms by which reovirus activates NK cell cytotoxicity are
not fully understood (14, 22, 23).

The human NKp46 receptor and the orthologous mouse protein NCR1 are members
of the natural cytotoxicity receptor (NCR) family. They are expressed on all NK cells and
on some innate lymphoid cells and are essential for NK cell-mediated elimination of
virus-infected cells and tumor cells (24–30). The identity of the membrane-bound
tumor/cellular ligand of NKp46/NCR1 is still obscure; however, several viral ligands that
trigger NKp46/NCR1 have been identified (28, 31–33). We have previously demon-
strated that NK cells can recognize and eliminate influenza virus-infected cells through
NKp46/NCR1 receptor binding to the viral hemagglutinin (HA) protein (28). We also
established that the binding of NKp46 to viral HA is mediated by �2,6-linked sialic acid
residues expressed on specific threonine residues of NKp46 and NCR1 (24, 34, 35).

The importance of NCR1 in viral recognition in vivo was demonstrated by the
generation of Ncr1 knockout (KO) mice in which exons 5 to 7, which encode the
cytoplasmic tail and transmembrane portion of NCR1, were replaced with green
fluorescent protein (GFP) (Ncr1gfp/gfp mice) (27). In these mice, NK cells are labeled with
GFP and NCR1 is absent. The NK cells in the heterozygous (Het) mice (Ncr1�/gfp mice)
function normally and express GFP, while Ncr1gfp/gfp mice are significantly more sus-
ceptible to viral infection (27).

Here, we identify sigma1 as a novel ligand for NKp46/NCR1 and show that NKp46/
NCR1 is important for the control of reovirus infection and for successful reovirus-based
therapy of tumors.

RESULTS
The NKp46 receptor recognizes reovirus. NKp46 is a receptor particularly impor-

tant in the recognition of viruses (24, 32, 33). To test if NKp46 recognizes reovirus, we
initially incubated Vero cells with reovirus type 3 (Dearing) and determined that the
virus adheres to the cells by staining them with an anti-sigma1 monoclonal antibody
(MAb) (Fig. 1A). Next, we prepared fusion proteins containing the extracellular portion
of NKp46 fused to human IgG1 and stained Vero cells in the presence or absence of
reovirus. NKp46-Ig recognized uninfected Vero cells (Fig. 1B), suggesting that Vero cells
express an unknown ligand for NKp46/NCR1. Importantly, following incubation with
reovirus, increased NKp46-Ig binding was seen (Fig. 1B). The binding was specific, since
little or no increase in the binding of D1-Ig (prepared in a manner similar to that used
for NKp46-Ig) was noticed (Fig. 1B, left histogram; the binding of all fusion proteins is
summarized in panel C). D1-Ig is the membrane-distal Ig-like domain of NKp46 that is
not involved in the binding of NKp46 to its ligands (24). The integrity of the fusion
protein was analyzed by Coomassie-stained gels under nonreducing conditions. As
expected, NKp46-Ig appears as a single band slightly larger than 250 kDa (Fig. 1D).

NKp46 binding to reovirus leads to increased NKp46-mediated cytotoxicity. To
test whether the NKp46 interaction with reovirus is functional, we initially used a
cell-based reporter system. We generated chimeric proteins composed of the extracel-
lular portion of NKp46 or NKp30 fused to the mouse zeta chain and expressed each one
separately in mouse BW cells (BW NKp46 and BW NKp30, respectively) (Fig. 1E). NKp30
is a member of the NCR family, to which NKp46 also belongs, and was used as a
negative control. In this cell-based reporter assay, BW cells secrete interleukin-2 (IL-2) if
the chimeric protein is bound and triggered by a ligand (36). We incubated the parental
BW cells and the various BW transfectants with reovirus-infected Vero cells or unin-
fected Vero cells. When BW NKp46 cells were cocultured with Vero cells infected with
reovirus, increased IL-2 secretion was seen (Fig. 1F). No significant increase in IL-2
secretion was seen when BW NKp30 cells were cocultured with Vero cells infected with
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FIG 1 NKp46 is activated by reovirus. (A) Vero cells were incubated with reovirus for 14 h and stained with anti-sigma1
antibody (open gray histogram). The filled gray histogram depicts the background staining of Vero cells with the secondary
MAb in the absence of reovirus. The background staining of Vero cells in the presence of reovirus was similar and is not
shown. The empty black histogram depicts the staining of uninfected Vero cells with anti-sigma1 antibody. (B) FACS
staining of Vero cells incubated for 14 h in the presence or absence of reovirus. Staining was performed with D1-Ig and
NKp46-Ig, as indicated on the x axis. The filled gray histograms depict the background staining of Vero cells with the
secondary MAb in the absence of reovirus. The background staining of Vero cells in the presence of reovirus was similar
and is not shown. The empty black histograms depict the staining of uninfected Vero cells with the fusion proteins
indicated. The empty gray histograms depict the staining of Vero cells preincubated with reovirus and stained with the
fusion proteins indicated. Shown are the results of one representative experiment out of three performed. (C) The median
fluorescence intensity (MFI) of anti-sigma1 antibody, D1-Ig, and NKp46-Ig staining of uninfected and reovirus-infected cells
in three different experiments. Each error bar represents the standard deviation (SD). Statistically significant differences are
indicated. *, P � 0.05; ns, not significant. (D) Coomassie staining of the NKp46-Ig fusion protein used in panel B after gel
electrophoresis under nonreducing conditions. The image was cropped and the background was adjusted for better clarity.
(E) FACS staining of BW cells expressing NKp30-zeta (BW NKp30) and NKp46-zeta (BW NKp46). The empty black histograms
depict staining with the MAb indicated, and the filled gray histograms depict background staining with the secondary MAb
only. (F) The various BW cells expressing the chimeric proteins shown in panel E were cocultured with Vero cells
preincubated in the presence or absence of reovirus for 14 h. IL-2 secretion was determined by ELISA. Relative IL-2
secretion, determined as described in Materials and Methods, is shown. Mean values and SD of three independent
experiments are shown. Statistically significant differences are indicated. *, P � 0.05; ns, not significant. (G) Vero cells were
incubated in the absence (designated uninfected) or presence of reovirus for 14 h and then cocultured with human NK
cells. The human NK cells were preblocked with anti-NKp46 antibodies (designated anti-NKp46) or without antibodies
(designated reovirus). Killing was performed for 5 h. The effector-to-target cell ratios ranged from 2:1 to 10:1. The mean
values and SD of three independent experiments are shown. Statistically significant differences are indicated. **, P � 0.01.
In all flow cytometry experiments, antibodies and fusion proteins were incubated with target cells on ice. Fusion proteins
were incubated for 2 h, and antibodies were incubated for 1 h.
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reovirus (Fig. 1F). To test whether NKp46 binding to reovirus is functional and leads to
increased NK cell cytotoxicity, we assayed NK cytotoxicity against 35S-methionine-
labeled uninfected and infected Vero cells. Primary bulk-activated human NK cell
cultures were added to the cells, and radioactivity levels in the medium were measured.
A significant increase in the NK-mediated killing of reovirus-infected cells was noticed
(Fig. 1G). This increased killing was mediated by NKp46, as blocking with anti-NKp46
polyclonal antibodies reduced the killing back to basal levels (Fig. 1G).

NCR1, the murine NKp46 orthologue, binds reovirus and induces NK cell
cytotoxicity. Next, we prepared a fusion protein made of the extracellular portion of
the mouse ortholog of NKp46, NCR1, fused to human IgG1 and used it to stain Vero
cells in the presence or absence of reovirus. Like NKp46, NCR1 also recognizes an
unknown ligand expressed by Vero cells, and upon incubation with reovirus, increased
binding of NCR1-Ig was seen (Fig. 2A; a summary of three experiments is shown in
panel B). The integrity of the fusion protein used for staining was analyzed by
Coomassie-stained gels under nonreducing conditions. As expected, NCR1-Ig pre-
sented a band similar in size to its human analog NKp46-Ig (compare Fig. 2C and 1D).
Next, we fused the extracellular portion of NCR1 to mouse zeta chain and expressed
this construct in mouse BW cells (BW NCR1, Fig. 2D). The parental BW and BW NCR1
cells were incubated with uninfected or reovirus-infected Vero cells. IL-2 secretion was
observed when BW NCR1 cells were cocultured with Vero cells, even in the absence of
reovirus, because of the presence of an unknown NCR1 ligand on these cells (Fig. 2A).
Importantly, in the presence of reovirus, a significant increase in IL-2 secretion was
observed (Fig. 2E).

To test whether NCR1 activation by reovirus can induce mouse NK cell cytotoxicity,
we isolated mouse NK cells from immunocompetent C57BL/6 Ncr1�/gfp (Ncr1 Het) mice
(the NK cells in these mice are fully functional but express GFP, enabling their efficient
isolation [27, 34, 37]) and from C57BL/6 Ncr1gfp/gfp (Ncr1 KO) mice. We then incubated
the NK cells with 35S-methionine-labeled uninfected and reovirus-infected Vero cells.
When NK cells obtained from immunocompetent C57BL/6 Ncr1�/gfp mice were used,
increased NK-mediated killing was seen (Fig. 2F). In contrast, no increase in NK-
mediated killing was observed with NCR1-deficient C57BL/6 Ncr1gfp/gfp NK cells (Fig. 2F).

NKp46 and NCR1 directly bind sigma1 in a sialic-acid-dependent manner. Since
NKp46 and NCR1 were previously shown to interact with influenza virus HA via their
sialylated residues (5, 24, 26, 38), we hypothesize that both proteins might recognize
reovirus by interacting with the reovirus sialic-acid-binding protein sigma1. This is
because both influenza virus HA and reovirus sigma1 are expressed as trimers on
virions and both are sialic-acid-binding proteins. We have previously shown that HA-Ig
fusion protein dimers have binding properties similar to those of trimeric HA (26, 38).
Therefore, to test whether sigma1 is indeed recognized by the NK cell receptors, we
cloned the glycan-binding portion of the sigma1 protein and fused it to the Fc domain
of human IgG1. The purity of the sigma1-Ig fusion protein was validated by using
nonreducing SDS-PAGE (Fig. 3A). Two protein bands are shown, a 150-kDa band
corresponding to the sigma1-Ig dimer (most likely due to dimerization through the Ig
domain) and a second band slightly larger than 250 kDa corresponding to a higher-
level complex. These results suggest that similarly to the influenza virus HA-Ig fusion
protein, the sigma1-Ig fusion protein is present as either dimers or higher-order
complexes and is likely to still possess the same binding capabilities as the native
sigma1 protein found on reovirus virions (26, 38). Next, we tested whether sigma1-Ig is
directly recognized by NKp46 and NCR1. For this, D1-Ig, NKp46-Ig, or NCR1-Ig was
bound to enzyme-linked immunosorbent assay (ELISA) plates and tested for direct
binding of sigma1-Ig by ELISA. Direct sigma1-Ig binding to NKp46-Ig and NCR1-Ig was
seen, while no detectable binding to D1-Ig was observed (Fig. 3B).

The reovirus sigma1 protein recognizes �2,6- and �2,3-linked sialic acid residues (5).
These types of sialic acid linkages are present on NKp46/NCR1 (30). We have previously
shown that the sialylated threonine residue located at position 225 (T225) of NKp46 is
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essential for its binding to influenza virus HA (24). To test whether T225 also facilitates
sigma1 recognition, we mutated this residue, replaced it with alanine, and generated
a fusion protein containing the mutation (T225A NKp46-Ig). The purity of the fusion
protein was determined (Fig. 3A), and remarkably, the mutated T225A NKp46-Ig fusion
protein failed to bind reovirus-infected cells (Fig. 3C).

We recently identified two novel O-glycosylated residues located at positions 222
and 225 of NCR1 that are essential for influenza virus HA recognition (35). To test
whether these two residues are essential for NCR1 recognition of sigma1, we generated
a mutated fusion protein in which the two sialylated threonine residues were replaced
with alanine (T222A T225A NCR1-Ig) and checked its purity by SDS-PAGE (Fig. 3A). The
mutated NCR1-Ig fusion protein T222A T225A NCR1-Ig failed to bind reovirus (Fig. 3D).
A summary of all of our experiments with mutated NKp46 and NCR1 fusion proteins is
presented in Fig. 3E.

FIG 2 NCR1 is activated by reovirus. (A) FACS staining of Vero cells incubated for 14 h in the presence
or absence of reovirus. The filled gray histogram depicts the background staining of Vero cells with the
secondary MAb in the absence of reovirus. The background staining of Vero cells in the presence of
reovirus was similar and is not shown. The background used here is identical to the background used in
Fig. 1B, as the experiments were performed at the same time. The empty black histogram depicts the
staining of Vero cells with NCR1-Ig. The empty gray histogram depicts the staining of Vero cells
preincubated with reovirus and stained with NCR1-Ig. Shown are the results of one representative
experiment out of three performed. (B) The median fluorescence intensity (MFI) of NCR1-Ig staining of
uninfected and infected cells obtained from three different experiments. Each error bar represents the
standard deviation (SD). Statistically significant differences are indicated. *, P � 0.05. (C) Coomassie
staining of the NCR-1-Ig used in in panel A after gel electrophoresis under nonreducing conditions. The
image was cropped and the background was adjusted for better clarity. (D) FACS staining of BW cells
expressing NCR1-zeta (BW NCR1). The empty black histogram depicts staining with the anti-NCR1 MAb.
The filled gray histogram depicts staining with the secondary MAb only. (E) BW cells or BW cells
expressing NCR1-zeta (BW NCR1) were cocultured for 48 h with Vero cells preincubated for 14 h in the
presence (reovirus) or absence (uninfected) of reovirus. IL-2 secretion was determined 24 h later by ELISA.
Relative IL-2 secretion, determined as described in Materials and Methods, is shown. The mean values
and SD of three independent experiments are shown. Statistically significant differences are indicated. *,
P � 0.05. (F) Vero cells incubated with reovirus for 14 h were tested in a killing assay against mouse
Ncr1�/gfp (Ncr1 Het) and Ncr1gfp/gfp (Ncr1 KO) NK cells. The effector-to-target cell ratio was 1:1. The mean
values and SD of three independent experiments are shown. Statistically significant differences are
indicated. *, P � 0.05; **, P � 0.01. In all flow cytometry experiments, antibodies and fusion proteins were
incubated with target cells on ice. Fusion proteins were incubated for 2 h, and antibodies were incubated
for 1 h.
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We also tested the binding of NKp46-Ig, T225A NKp46-Ig, and D1-Ig to sigma1-Ig by
using surface plasmon resonance (SPR) analysis. Consistent with the results presented
in Fig. 3B to E, NKp46-Ig bound sigma1-Ig (Fig. 3F) and this binding was reduced when
the T225A NKp46-Ig protein was used (Fig. 3G). No binding of D1-Ig to sigma1-Ig was
observed. The NKp46-Ig binding to sigma1 was of high affinity (KD [equilibrium
dissociation constant] � 8.48 � 10�10 M), and approximately 10-fold lower affinity was
seen with T225A NKp46-Ig (KD � 9.24 � 10�9 M) (Fig. 3H).

FIG 3 Sialylated residues of NKp46 and NCR1 are essential for reovirus recognition. (A) Coomassie staining of the fusion proteins used in panels C to H after
gel electrophoresis under nonreducing conditions. The background was adjusted for better clarity. (B) Binding of biotinylated sigma1-Ig to D1-Ig, NKp46-Ig, and
NCR1-Ig. Binding was detected by ELISA. The mean values and SD of three independent experiments are shown. Statistically significant differences are indicated.
*, P � 0.05; **, P � 0.01. (C) FACS staining of Vero cells in the presence (empty gray histograms) or absence (empty black histograms) of reovirus. The cells were
incubated with reovirus for 14 h, and then staining was performed with NKp46-Ig (left histogram) or T225A NKp46-Ig (right histogram). The filled gray
histograms depict the background staining of Vero cells with the secondary MAb only. The background staining of Vero cells in the presence or absence of
reovirus was similar and is not shown. Shown are the results of one representative experiment out of three performed. (D) FACS staining of Vero cells in the
presence (empty gray histograms) or absence (empty black histograms) of reovirus. Cells were incubated with reovirus for 14 h, and then staining was
performed with NCR1-Ig (left histogram) or T222A T225A NCR-Ig (right histogram). The empty black histograms depict staining of Vero cells with the fusion
proteins indicated. The filled gray histograms depict the background staining of Vero cells with the secondary MAb only. The background staining of Vero cells
in the presence or absence of reovirus was similar and is not shown. Shown are the results of one representative experiment out of three performed. (E) Median
fluorescence intensity (MFI) of the results shown in panels C and D. Averages and SD are derived from three independent repeats. ns, not significant. (F to G)
SPR sensograms representing binding of sigma1-Ig to NKp46-Ig (F) and T225A NKp46-Ig (G) fusion proteins immobilized on a CM5 sensor chip via amine
coupling. The sigma1-Ig analyte was injected in increasing concentrations of 10.5, 21.1, 42.2, 84.4, and 169 nM. R.U., response units. (H) Summary of SPR analysis.
(I) Vero cells were incubated in the absence (designated uninfected) or presence of reovirus for 14 h and then cocultured with human NK cells for 5 h. The
infected cells were preincubated with SLL or lactose for 30 min at 37°C after the addition of reovirus but before the addition of NK cells. Presented are averages
of four independent experiments. Error bars represent the standard error of the mean. Statistically significant differences are indicated. *, P � 0.05. (J) Plates
coated with UV-inactivated reovirus particles or RPMI medium were incubated with either lactose (black columns) or SLL (white columns) for 30 min at 37°C
and then cocultured with BW cells expressing NKp46-zeta (BW Np46) or NCR1-zeta (BW NCR1). IL-2 secretion was determined 48 h later by ELISA. Relative IL-2
secretion, determined as described in Materials and Methods, is shown. Shown are the average and standard error of the mean of three independent
experiments. Statistically significant differences are indicated. *, P � 0.05. In all flow cytometry experiments, antibodies and fusion proteins were incubated with
target cells on ice. Fusion proteins were incubated for 2 h, and antibodies were incubated for 1 h.
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To test directly if the sialic-acid-binding properties of sigma1 are essential for its
NKp46/NCR1 recognition, we used 3=-sialyllactose (SLL), a soluble sugar containing a
sialic acid residue attached to a lactose backbone, to block this interaction. This
carbohydrate, found in the milk of several mammals, has been shown to interfere with
the interaction between reovirus sigma1 and its ligands and also to interfere with the
hemagglutination ability of sigma1. These effects were shown to be dose dependent
and affect only sialic-acid-binding strains of reovirus (10, 39–41).

We repeated the NK cytotoxicity experiments in the presence of SLL and in the
presence of the lactose backbone only (used as a control). While lactose did not have
any observable effect on the killing of reovirus-infected cells, the presence of SLL
significantly inhibited NK cell cytotoxicity (Fig. 3I). In addition, we coated plates with
UV-inactivated reovirus particles, incubated them with either SLL or lactose, and then
added the BW reporter cells expressing either NKp46 or NCR1 fused to the mouse zeta
chain. In the presence of lactose, cell-free reovirus virions were able to activate the
NKp46 and NCR1 reporter cells, while this activation was significantly reduced in the
presence of SLL (Fig. 3J).

NCR1 is essential for the control of reovirus infection in vivo. To test whether
NCR1 controls reovirus infection in vivo, we infected C57BL/6 Ncr1�/� (WT) and
Ncr1gfp/gfp (Ncr1 KO) mice with 2.5 � 106 PFU of reovirus each. Lungs were harvested
5 days postinfection, and viral loads were determined (Fig. 4A). Significantly greater
viral loads were observed in the lungs of Ncr1 KO mice than in those of WT mice (Fig.
4B). C57BL/6 mice were relatively resistant to reovirus infection; the viral loads in their
lungs were quite light (Fig. 4B), and the mice showed no symptoms of illness such as
reduced weight (data not shown).

BALB/c mice are usually more sensitive to viral infections (42, 43). Therefore, we also
infected BALB/c Ncr1�/� (WT) mice and Ncr1gfp/gfp (Ncr1 KO) mice with reovirus at 2.5 �

FIG 4 NCR1 control reovirus infection in vivo. (A) Schematic representation of the experimental proce-
dure used. Four- to 6-week-old C57BL/6 and BALB/c Ncr1�/� (WT) and Ncr1gfp/gfp (Ncr1 KO) mice were
each infected intranasally with 2.5 � 106 PFU of reovirus type 3 (Dearing). Lungs were harvested 5 days
postinfection, and viral loads in the lungs were determined by qRT-PCR. All results were normalized to
mouse GAPDH and ActB expression. (B) Reovirus loads in the lungs of C57BL/6 Ncr1�/� (WT) and
Ncr1gfp/gfp (Ncr1 KO) mice (five per group). (C) Schematic representation of the experimental procedure
used. Four- to 6-week-old BALB/c Ncr1�/� (WT) and Ncr1gfp/gfp (Ncr1 KO) mice were each infected
intranasally with 2.5 � 106 PFU of reovirus type 3 (Dearing). Lungs were harvested 3 and 5 days
postinfection, and viral loads in the lungs were determined by qRT-PCR. All results were normalized to
mouse GAPDH and ActB expression. (D, E) Viral loads were determined 3 (D) and 5 (E) days postinfection
(DPI). Shown are mean values derived from a pool of five mice per group. The y axes depict viral load
measurements. Mean values and standard errors (bars) are from triplicate experiments. Statistically
significant differences are indicated. *, P � 0.05; **, P � 0.01.
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106 PFU/mouse. Lungs were harvested 3 and 5 days postinfection, and viral loads were
determined (Fig. 4C). Although we still did not observe any symptoms of illness, the
BALB/c mice were indeed more sensitive to reovirus infection, as greater viral loads
were observed in their lungs than in those of C57BL/6 mice (compare Fig. 4B and E).
Significantly greater reovirus loads were detected in the lungs of Ncr1 KO mice than in
those of WT mice at 3 (Fig. 4D) and 5 (Fig. 4E) days postinfection. Collectively, we
demonstrated that NCR1 plays an important role in the control of reovirus infection in
vivo.

NCR1 is essential for reovirus-based cancer therapy. Reovirus is currently being
used in phase III clinical trials for the treatment of various cancers (7, 8, 12, 44). To test
whether NKp46/NCR1 is important for the antitumor activity of reovirus, we first
injected increasing doses (104, 105, or 106) of the melanoma cell line B16F10.9 (B16)
subcutaneously (s.c.) into C57BL/6 Ncr1�/� (WT) and Ncr1gfp/gfp (Ncr1 KO) mice and
monitored tumor progression. In accordance with our previous reports (44), when 104

B16 cells were injected into WT and Ncr1 KO mice, the tumor volume was significantly
greater in Ncr1 KO mice. However, when larger amounts of B16 cells were injected (105

and 106), no significant difference in tumor volume was seen (Fig. 5A). Consistent with
these results, when 5 � 105 B16 cells were injected, no significant difference in survival
between Ncr1 KO and WT mice was seen (Fig. 5B). Therefore, we concluded that to
assess the effect of NKp46/NCR1 during the course of reovirus treatment, at least 105

B16 cells should be injected, because with that amount, the tumors are equally
controlled by WT and Ncr1 KO mice. We injected 5 � 105 B16 cells into Ncr1 KO and WT
mice and monitored tumor progression daily. Once tumors were visible, reovirus was
injected directly into the tumors (Fig. 5C). Importantly, reovirus treatment significantly
delayed tumor progression, leading to delayed death, but only in mice having func-
tional NCR1 alleles (Fig. 5D).

To investigate the specific contribution of NCR1 to reovirus therapy of tumors
independently of the oncolytic effect of the virus, we used a UV-inactivated reovirus. UV
treatment completely inactivated the virus, as no visible plaques were seen when the

FIG 5 NCR1 plays an important role in reovirus-based treatment of B16 cells. (A) Tumor volumes of C57BL/6
Ncr1�/� (WT) and Ncr1gfp/gfp (Ncr1 KO) mice 20 days after s.c. injection of 104, 105, or 106 B16 cells. Statistically
significant differences are indicated. *, P � 0.05; ns, not significant. (B) Percent survival of C57BL/6 Ncr1�/� (WT) and
Ncr1gfp/gfp (Ncr1 KO) mice following the injection of 5 � 105 B16 cells. (C) Schematic representation of the
experimental procedure used. Each reovirus injection consisted of 5 � 109 PFU/mouse. I.T., intratumor. (D) Percent
survival of the mouse groups (five mice per group) indicated in two independent experiments. Mice were
euthanized when tumors reached a size of �1 cm3.
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UV-inactivated virus was used in a plaque assay (Fig. 6A). To test whether the UV-
inactivated virus could still bind the cells and be recognized by NCR1, we incubated B16
cells with the UV-inactivated virus and, using flow cytometry, observed that the virus
still adhered to the cells (Fig. 6B) and was recognized by NCR1-Ig (Fig. 6C).

In addition to NKp46/NCR1, NKG2D is the other main mouse NK cell-activating
receptor. NKG2D recognizes so-called stress-induced ligands (45). To further demon-
strate the specificity of NKp46/NCR1, we also stained UV-inactivated-reovirus-coated
cells with a soluble murine NKG2D-Ig fusion protein. Incubation with UV-inactivated
reovirus did not seem to upregulate the NKG2D ligands, as no increase in NKG2D-Ig
staining was seen in the presence of UV-inactivated reovirus (Fig. 6D). The integrity and
purity of this fusion protein were validated by gel electrophoresis (Fig. 6E), and three
independent repeats of the flow cytometry analysis are quantified in Fig. 6F.

We also verified that UV-inactivated-virus-bound cells were better recognized by NK
cells in vitro and that this recognition was NCR1 dependent by using NK cell cytotoxicity
experiments with NK cells extracted from Ncr1�/gfp (Het) or Ncr1gfp/gfp (KO) mice. We
used Het mice in these experiments because they are immunocompetent and serve as

FIG 6 Specific evaluation of the role of NCR1 in a B16 melanoma model by reovirus-based treatment. (A) Viral titer quantification in
reovirus stocks left untreated or inactivated by UV irradiation. The values on the y axis are the numbers of PFU per milliliter of viral stock.
Presented are averages derived from two independent experiments. Each error bar represents the standard deviation (SD). (B to D) FACS
staining of B16 cells incubated for 14 h in the presence (empty gray histograms) or absence (empty black histograms) of UV-inactivated
reovirus. Staining was performed with anti-sigma1 antibody (B), NCR1-Ig (C), and NKG2D-Ig (D), as indicated on the x axes. The filled gray
histograms depict the background staining of the parental Vero cells with the secondary MAb only. The background staining of Vero cells
in the presence of UV-inactivated reovirus was similar and is not shown. Shown are the results of one representative experiment out of
three performed. (E) Coomassie staining of NKG2D-Ig used in panel D after gel electrophoresis under nonreducing conditions. The image
was cropped and the background was adjusted for better clarity. (F) Median fluorescence intensity (MFI) of the results presented in panels
C and D. Presented are averages derived from three independent experiments. Each error bar represents the standard deviation (SD).
Statistically significant differences are indicated. *, P � 0.05; ns, not significant. (G) B16 cells incubated with reovirus for 14 h were tested
in a 5-h killing assay against Ncr1�/gfp (Ncr1 Het, “UV-inactivated reovirus”) and Ncr1gfp/gfp (Ncr1 KO) NK cells. The effector-to-target cell ratio
was 1:1. The mean values and SD of three independent experiments are shown. Statistically significant differences are indicated. **, P �
0.01. (H) Percent survival of C57BL/6 Ncr1�/� (WT) and Ncr1gfp/gfp (Ncr1 KO) mice treated with UV-inactivated reovirus or left untreated.
Each UV-inactivated reovirus injection consisted of 2.5 � 1010 PFU per mouse. The empty circles represent untreated WT mice. The filled
circles represent UV-inactivated-reovirus-treated WT mice. The empty squares represent untreated KO mice. The filled squares represent
UV-inactivated-reovirus-treated KO mice. Shown are the results of one representative experiment out of two performed. Statistically
significant differences in survival between treated and untreated WT mice are indicated in the graph. In all flow cytometry experiments,
antibodies and fusion proteins were incubated with target cells on ice. Fusion proteins were incubated for 2 h, and antibodies were
incubated for 1 h.
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a better littermate control than WT mice. While the killing of B16 cells by Het NK cells
was increased in the presence of the inactivated reovirus, Ncr1 KO NK cells showed no
effect (Fig. 6G). Next, we injected 5 � 106 B16 cells s.c. into Ncr1 KO and WT mice. Once
tumors were visible, the UV-inactivated reovirus was injected into the tumors (5 � 109

PFU per mouse per injection). Remarkably, UV-inactivated reovirus treatment signifi-
cantly improved the survival of WT mice but not that of Ncr1 KO mice (Fig. 6H),
indicating that the reovirus oncolytic effect is at least partially mediated by NCR1-
dependent immune activity.

To demonstrate that the role of NCR1 in reovirus-based cancer therapy is not
restricted to a particular tumor model, we used the Lewis lung carcinoma cell line D122.
We first tested the binding of NKp46-Ig and NCR1-Ig and found that both fusion
proteins recognized an unknown tumor ligand expressed by D122 cells (Fig. 7A).
Following incubation with UV-inactivated reovirus, increased NKp46-Ig (Fig. 7A, quan-
tified in panel B) and NCR1-Ig (Fig. 7C, quantified in panel D) binding was seen. We also
validated that the UV-inactivated virus did not lead to upregulation of ligands for
NKG2D, and similar to our observation regarding B16 melanoma cells, no change in the
expression of murine NKG2D ligands was observed (Fig. 7E, quantified in panel F). We
next injected 106 D122 cells into the abdomens of C57BL/6 Ncr1�/gfp (Ncr1 Het) and
C57BL/6 Ncr1gfp/gfp (Ncr1 KO) mice. Once tumors were visible, UV-inactivated reovirus
(5 � 109 PFU per mouse per injection) was directly injected into the tumors. In
accordance with our previous report (44), when 106 D122 cells were injected, no
significant difference in survival between the two mouse genotypes was seen (Fig. 7G).
Importantly, UV-inactivated reovirus treatment significantly improved Ncr1 Het but not
Ncr1 KO mouse survival (Fig. 7G). Taken together, these combined results highlight the
pivotal role played by NKp46/NCR1 in reovirus-based cancer therapy.

FIG 7 NCR1 is essential for reovirus treatment in a model of lung carcinoma. (A) FACS staining of D122 cells incubated for
14 h in the presence (empty gray histogram) or absence (empty black histogram) of reovirus. Staining was performed with
NKp46-Ig (A, B), NCR1-Ig (C, D), and NKG2D-Ig (E, F), as indicated on the x axes. The filled gray histograms depict the
background staining of D122 cells with the secondary MAb only in the absence of reovirus. The background staining of
D122 cells in the presence of reovirus was similar and is not shown. Shown are the results of one representative experiment
out of three (NKp46-Ig) or five (NCR1-Ig and NKG2D-Ig) performed. The median fluorescence intensity (MFI) of the different
repeats of NKp46-Ig (B), NCR1-Ig (D), and NKG2D (F) staining is shown. Error bars represent the standard error of the mean.
Statistically significant differences are indicated. *, P � 0.05; ns, not significant. (G) Percent survival of C57BL/6 Ncr1�/gfp

(Ncr1 Het) and Ncr1gfp/gfp (Ncr1 KO) mice treated with UV-inactivated reovirus or left untreated. Each UV-inactivated reovirus
injection consisted of 2.5 � 1010 PFU per mouse. Empty circles represent untreated Het mice. Filled circles represent
UV-inactivated-reovirus-treated Het mice. Empty squares represent untreated KO mice. Statistically significant differences
are indicated in the graph. Shown are the results of one representative experiment out of two performed. In all flow
cytometry experiments, antibodies and fusion proteins were incubated with target cells on ice. Fusion proteins were
incubated for 2 h, and antibodies were incubated for 1 h.

Bar-On et al. Journal of Virology

October 2017 Volume 91 Issue 19 e01045-17 jvi.asm.org 10

http://jvi.asm.org


DISCUSSION

Reovirus infections are frequent, and most adults develop antireovirus antibodies
(46). Reovirus infects the respiratory and gastrointestinal tracts, causing influenza-like
symptoms and diarrhea. The mechanisms by which reovirus infections are controlled by
immune cells are not fully understood. Here we demonstrate direct interaction be-
tween the NK cell-activating receptor NKp46/NCR1 and the sigma1 protein of reovirus
and further show that this recognition is important in the elimination of reovirus-
infected cells. Further in-depth analysis of NK cell activation by reovirus should be
performed to analyze the impact of other factors that might contribute to the antiviral
effect of NK cells. These might include secreted cytokines, improved NK cell migration
to the tumor site upon reovirus infection, or induction of further unrecognized ligands
for additional NK cell-activating receptors.

The reovirus sigma1 protein is a fiber-like molecule that can bind both the tight
junction protein JAM-A and sialic acid residues on the cell surface and enables viral
attachment to target cells (9–11, 47, 48). The ability to use sialic acids when binding
target cells is conserved in different pathogens (5). Influenza virus, for example, uses its
viral HA to bind sialic acids on the surface of respiratory epithelial cells (49). NK cells
utilize HA’s ability to recognize sialic acids and eliminate the influenza virus-infected
cells via NKp46/NCR1 in a sialic-acid-dependent manner (24, 28, 38).

We show here that NKp46/NCR1 also directly recognizes the sigma1 protein of
reovirus in a sialic-acid-dependent manner. We demonstrate that following the incu-
bation of viruses with SLL, a soluble sugar containing sialic acid, recognition and
activation by NKp46 and NCR1 are lost. We show that the sialylated residue T225 of
NKp46 and T222 and T225 of NCR1 are essential for NKp46 and NCR1 binding to
sigma1. However, additional factors might also be important for sigma1 recognition by
NKp46, as mutating the T225 residue of NKp46 significantly reduced its binding to
sigma1, as observed by SPR analysis, but did not completely abolish it.

Reovirus is currently being used in human clinical trials for the treatment of various
tumors. It was suggested before that the antitumor effect of reoviruses is mediated
both by the direct lysis of tumor cells and by activation of the immune system and that
NK cells play an important role in the reovirus attack on tumors (12–18, 22, 23).
However, the molecular mechanisms through which NK cells recognize reovirus-treated
tumors are unknown. Importantly, we show that NKp46/NCR1 is an essential compo-
nent of reovirus-based cancer treatment, as reovirus injection significantly improved
mouse survival only in the presence of NCR1. By using UV-inactivated reovirus, we were
able to efficiently distinguish between the oncolytic effect of the virus and the
NKp46/NCR1-dependent effect. Strikingly, UV-inactivated reovirus was able to signifi-
cantly prolong mouse survival in two tumor models in an NCR1-dependent manner.
Together with previous evidence that UV-inactivated reovirus is able to induce an
immune response in vitro and in vivo (23, 50), this indicates a central role for the
immune system, and specifically NKp46/NCR1, during reovirus-based therapy. One
study did not observe an NK cell effect when using inactivated virus (51). The observed
discrepancies could be due to differences between the reagents or protocols used. In
the study referred to (51), NK cells were incubated with virions and only then were
target cells added. Thus, the free virions might block NKp46 (and perhaps additional
activating receptors) and interfere with the interaction between NK cells and their
target cells. Here, the target cells were initially incubated with reovirus and only then
were NK cells added.

Our findings are of special interest in light of the recent success of immunotherapy
and the approval of the first oncolytic virus therapy for melanoma (52, 53). It would be
interesting to test if the recent advances in gene delivery into NK cells and in genome
editing (54) could be used to enhance the NK cell antitumor activity we describe here.
We propose that boosting NKp46 activity during reovirus treatment could improve the
current reovirus-based therapy.
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MATERIALS AND METHODS
Cells, viruses, and viral infection. The cell lines used in this study were the Cercopithecus aethiops

kidney epithelial Vero cell line, the murine thymoma BW cell line, the mouse fibroblast CLL-1 cell line
(ATCC CCL-1.2), Lewis lung carcinoma line D122, and the B16F10.9 mouse melanoma cell line. Vero, D122,
and B16F10.9 cells were grown in Dulbecco’s modified Eagle’s medium (DMEM; Sigma-Aldrich D5796),
BW cells were grown in RPMI 1640 medium (Sigma-Aldrich R8758), and CLL-1 cells were grown in Eagle
minimum essential medium (EMEM; Sigma-Aldrich M4655). All media were supplemented with 10% fetal
bovine serum (FBS; Sigma-Aldrich F7524) and with 1% each penicillin-streptomycin, L-glutamine, sodium
pyruvate, and EMEM nonessential amino acid solutions (Biological Industries 03-031-1B, 03-020-1B,
03-042-1B, and 01-340-1B, respectively).

Mammalian reovirus type 3 (Dearing) isolated from a child with diarrhea was purchased from ATCC
(VR-824) and kept in its purified form diluted in EMEM (ATCC 30-2003TM) plus 2% FBS (ATCC 30-2020TM)
at �80°C until used. The virus was propagated on cultures of CLL-1 cells in serum-free EMEM as
previously described (55). Viral loads were determined by using plaque assays as previously described
(56). Briefly, plaque assays were performed with confluent cultures of CCL-1 cells. After initial infection,
cells were grown in a 1:1 solution of DMEM and 2% Bacto agar (diluted in 1� phosphate-buffered saline
[PBS]) at 37°C for 4 days. Plaques were visualized with Neutral Red (Sigma-Aldrich N4638). Unless
otherwise indicated, in all infections, cells were incubated with the virus at a multiplicity of infection
(MOI) of 100 in a minimal volume of medium for 1 h at 37°C and 5% CO2, and then the medium was
added. The infected cells were grown for 14 h at 37°C and 5% CO2 and analyzed.

For UV inactivation, reovirus was exposed to UV light (365 nm) for 45 min before the virus was
incubated with the target cells at an MOI of 100. Unless otherwise indicated, viral infection or incubation
of UV-inactivated virus with the relevant cell culture was performed at 37°C and 5% CO2 for 14 h.

Antibodies, fusion proteins, and reagents. The MAbs used in this study included phycoerythrin
(PE)-conjugated anti-human NKp46 (Beckman Coulter IM3711), PE-conjugated anti-mouse NCR1 (Bio-
Legend 137604), PE-conjugated anti-NKp30 (BioLegend 325208), and anti-sigma1 (Merck Millipore
MAB994) MAb. The secondary antibodies used were Alexa Fluor 647-conjugated goat anti-mouse IgG
(Jackson ImmunoResearch 115-606-062) and allophycocyanin-conjugated donkey anti-human IgG (Jack-
son ImmunoResearch709-136-098) antibodies. For ELISAs, the antibodies used were anti-mouse IL-2
(BioLegend BLG-503702), biotinylated anti-mouse IL-2 (BioLegend BLG-503804), and streptavidin-
horseradish peroxidase (HRP) (Jackson ImmunoResearch 016-030-084) antibodies. Blocking antibodies
for NKp46 were generated by injecting 50 �g of NKp46-Ig s.c. into C57BL/6 mice. Seven days later, the
mice were boosted with an additional 50 �g of NKp46-Ig. Blood serum was collected 30 days following
the second injection. NKp46-Ig, T225A NKp46-Ig (in which the threonine at position 225 was replaced
with an alanine), NCR1-Ig, T222A T225A NCR1-Ig (in which the threonines at positions 222 and 225 were
replaced with alanines), and murine NKG2D-Ig were produced as previously described (24, 28, 31, 35,
57–59). Briefly, the extracellular fragment of the relevant genes from cDNA prepared from RNA extracted
from human or murine NK cells was amplified by PCR. The DNA was cloned into a mammalian expression
vector containing a mutated Fc portion of human IgG with impaired Fc receptor binding, expressed in
human embryonic kidney 293T cells, and purified on a HiTrap protein G HP column (GE Healthcare Life
Sciences 17-0405-01) as previously described (57). For cloning of sigma1-Ig, viral RNA was isolated from
reovirus type 3 Dearing-infected Vero cells and used as a template to generate cDNA. The glycan-binding
portion of the sigma1 protein (positions 101 to 455) (5) was cloned with forward primer GACTAGTAGT
GTTACCCAGTTGGGTGCT and reverse primer TCCCGCGTAGTTTCACGTGAACCGGTG. The PCR product was
digested with restriction enzymes SpeI and AgeI (New England BioLabs) and cloned downstream of a
mutated Fc portion of human IgG with impaired Fc receptor binding (36). The integrity of all fusion
proteins was analyzed by Coomassie-stained gels under nonreducing conditions.

Biotinylation of sigma1-Ig was performed with the EZ-link Sulfo-NHS-SS Biotin kit (Thermo Scientific
21331). For sigma1 sialic-acid-binding domain blocking experiments, SLL sodium salt (Santa Cruz
Biotechnology sc-216626) and D-lactose (Santa Cruz Biotechnology sc-285369) were used, both at a final
concentration of 10 mM (for NK cell cytotoxicity assays) or 50 mM (for BW assays). All of the fusion
proteins used in this study contain a mutation in the Fc domain that impairs binding to Fc receptors (36),
and D1-Ig was used to detect background staining.

Flow cytometry. For fluorescence-activated cell sorter (FACS) staining, 0.5 to 5 �g/well fusion
protein or 0.3ul/well anti-sigma1 antibody was used and incubated with the target cells (50 � 103 to
150 � 103/well) for 2 h (Ig fusion proteins) or 1 h (antibodies). Cells were then washed with FACS medium
(1� PBS, 0.05% bovine serum albumin [BSA], 0.05% NaN3) and stained with a secondary antibody (0.25
to 0.75 �g/well) for 1 h. Cells were then washed twice with FACS medium and analyzed with a
FACSCalibur machine (BD Biosciences) and the CellQuest software. All procedures were performed on ice.
In all experiments, cells stained with the secondary antibody alone were used to measure background
staining. In all flow cytometry experiments, the cells were not permeabilized.

ELISA. For experiments measuring direct binding of sigma1-Ig and NKp46/NCR1-Ig, ELISA plates
were coated with D1-Ig, NKp46-Ig, and NCR1-Ig at 0.5 �g/well for 14 h at 4°C. The ELISA plates were then
incubated with 5% BSA diluted in PBS-Tween for 2 h at room temperature, washed, and then incubated
on ice for 2 h with biotinylated sigma1-Ig at 5 to 10 ng/well. Direct binding was measured with
streptavidin-HRP and 3,3=,5,5=-tetramethylbenzidine (TMB) substrate (SouthernBiotech 0410-01).

For experiments measuring IL-2 secretion from BW cells, a similar protocol was used, but the ELISA
plates were coated with an anti-mouse IL-2 antibody (0.2 �g/well). Detection of binding was performed
by using biotinylated anti-mouse IL-2 antibodies (0.1 �g/well) and then detection with streptavidin-HRP
and TMB substrate.
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BW reporter assay. BW transfected cells were prepared as previously described (28, 36). Fifty
thousand BW or BW transfected cells were cocultured with 25,000 Vero cells (either incubated with
reovirus or not incubated with reovirus) for 48 h at 37°C and 5% CO2 or in wells coated with cell-free
virions (1 h at 37°C prior to the addition of BW cells; MOI of 0.2 to 20). Vero cells were irradiated just prior
to their addition to the BW cells (3,000 rads), and cell-free reovirus virions were UV inactivated as
described above. In the relevant experiments, SLL sodium salt or D-lactose was added to the wells
containing cell-free virions for incubation (37°C, 30 min) before the addition of BW cells. Incubation was
performed in flat-bottom 96-well plates. After 48 h of incubation, supernatants were collected and the
level of IL-2 was quantified by ELISA and analyzed with the Gen5 software at a wavelength of 650 nm.
Background IL-2 secretion from parental BW cells was normalized to 1, and normalized results are
presented as increased IL-2 secretion observed in wells containing infected cells/cell-free viruses relative
to the no-target wells from the same BW cell line.

Cytotoxicity assay. The cytotoxic activity of human NK cells was assessed by 5-h 35S-methionine
release assays as previously described (60). Briefly, NK cells were incubated with 35S-methionine-labeled
cells for 5 h at 37°C and 5% CO2 at different effector-to-target cell ratios in U-bottom 96-well plates. The
assay was terminated by centrifugation (1,600 rpm, 5 min, 4°C), and 100-�l volumes of supernatants
containing 35S-methionine were taken for analysis. Reovirus infection of 35S-methionine-labeled cells or
incubation of 35S-methionine-labeled cells with UV-inactivated reovirus was performed for 14 h prior to
the addition of NK cells. For NKp46 blocking, NK cells were incubated with NKp46-blocking polyclonal
antibodies on ice for 1 h. For sigma1 sialic-acid-binding domain blocking experiments, target cells were
incubated for 30 min at 37°C and 5% CO2 with 10 to 50 mM SLL sodium salt or D-lactose prior to the
addition of NK cells. NK cells were isolated from Ncr1gfp/� (Ncr1 Het) and Ncr1gfp/gfp (Ncr1 KO) mice at 18 h
following the intraperitoneal injection of 200 �g of poly(I·C) (P1530; Sigma). The effector-to-target cell
ratio was 1:1.

SPR analysis. SPR affinity measurements were performed with a Biacore T100 biosensor (GE
Healthcare, Uppsala, Sweden). NKp46-Ig, T225A NKp46-Ig (in which the threonine at position 225 is
replaced with an alanine), and D1-Ig were dissolved in 10 mM sodium acetate (pH 4.0) to 50 mM and
coupled to a CM5 sensor chip (GE Healthcare, Uppsala, Sweden) by using the manufacturer-
recommended amine coupling protocol to an immobilization level of 500 response units. Sigma1-Ig was
dissolved in HBS-EP� buffer (10 mM HEPES [pH 7.3], 150 mM NaCl, 3 mM EDTA [pH 8], 0.05% Tween 20)
and injected as an analyte in a series of injections at concentrations of 10.5, 21.1, 42.2, 84.4, and 169 nM
at a 50-�l/min flow rate with a contact time of 120 s. Dissociation was measured for 120 s. The surface
was regenerated by a single pulse (30 s, 20 �l/min) of 4 M MgCl2 at the end of each cycle. Kinetic
parameters and the affinity constant were derived by using the Kinetic 1:1 Binding model in BIAevalu-
ation software v. 3.0.1 (GE Healthcare, Uppsala, Sweden.). Dilutions and pretreatment of the fusion
proteins were performed on ice.

Mouse infection. Four- to 6-week-old C57BL/6 and BALB/c Ncr1�/� (WT) and Ncr1gfp/gfp (Ncr1 KO)
mice (five per group) were infected intranasally with reovirus type 3 (Dearing). Lungs were harvested 3
and 5 days postinfection, and viral loads in the lungs were determined by quantitative RT-PCR (qRT-PCR)
as previously described (26, 61). All results were normalized to mouse GAPDH and ActB expression. The
following primer sequences were used: sigma1, GTATAGGGTTGTCGTCGGG (forward) and CCCCTCAACA
CGTAACCGAA (reverse); GAPDH, GAGTCAACGGATTTGGTCGT (forward) and GATCTCGCTCCTGGAAGATG
(reverse), ActB, CCCTGAACCCTAAGGCCA (forward) and GGTACGACCAGAGGCATACAG (reverse). For mel-
anoma model experiments, 7- to 9-week-old C57BL/6 WT and Ncr1 KO mice were injected s.c. in the flank
region with 5 � 105 B16 cells in 200 �l of PBS. Tumor growth was evaluated daily. Once tumors were
visible, mice were injected with 5 � 109 PFU of live reovirus or 2.5 � 1010 PFU of UV-inactivated virus
diluted in 100 �l of PBS. Each mouse received three intratumoral injections at 2-day intervals. Mouse
survival and tumor growth were monitored daily. Tumor size was evaluated with a digital caliper, and
mice were sacrificed when the tumor size reached 1.0 by 1.0 cm in two perpendicular directions or �1.5
cm in any one of the directions (data not shown). For the lung cancer model, 106 D122 cells were injected
s.c. into the abdomens of 10- to 14-week-old C57BL/6 and BALB/c Ncr1�/� (WT) and Ncr1�/gfp (Ncr1 Het)
mice (5 to 10 per group). All experiments were done in the specific-pathogen-free unit of the Hebrew
University-Hadassah Medical School (Ein-Kerem, Jerusalem) in accordance with the guidelines of the
Declaration of Helsinki and the local research ethics committee.

Statistical methods. Student’s t test was used to determine the statistical significance of
differences. For survival curves, the log rank test was used to determine the statistical significance
of differences.
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