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ABSTRACT
Hepatocellular carcinoma (HCC) is the most prevalent type of liver cancer. No
significant improvement has been reported with currently available systemic therapies.
IFN-α has been tested in both clinic and animal models and only moderate benefits
have been observed. In animal models, similar modest antitumor efficacy has also
been reported for IFN-λ, a new type of IFN that acts through its own receptor complex.
In the present study, the antitumor efficacy of the combination of IFN-α and IFN-λ
was tested in the BNL mouse hepatoma model. This study was accomplished by using
either engineered tumor cells (IFN-α/IFN-λ gene therapy) or by directly injecting
tumor-bearing mice with IFN-α/IFN-λ. Both approaches demonstrated that IFN-α/
IFN-λ combination therapy was more efficacious than IFN monotherapy based on either
IFN-α or IFN-λ. In complement to tumor surgery, IFN-α/IFN-λ combination induced
complete tumor remission. Highest antitumor efficacy has been obtained following local
administration of IFN-α/IFN-λ combination at the tumor site that was associated with
strong NK cells tumor infiltration. This supports the use of IFN-α/IFN-λ combination as
a new cancer immunotherapy for stimulating antitumor response after cancer surgery.

INTRODUCTION

infections suppresses carcinogenesis and improves liver
function [5, 6]. Moreover, IFN therapy eliminates HCV
mRNA, and reduces the onset of HCC in patients with
normalized transaminase levels [7]. Although IFN-α
therapy suppressed HCC, complete tumor eradication is
rarely obtained. Currently, tremendous efforts are made
to improve IFN therapy for efficiently treating HCC and
eliminating tumor recurrence which remains the main
concern following liver resection [5, 6, 8]. In agreement
with clinical studies, we have confirmed in BNL hepatoma
model that IFN-α displayed potent antitumor activity
without inducing a complete tumor remission [9]. Similar
efficacy was obtained with IFN-λ. IFN-λ induces high
NK cell activation and in contrast to IFN-α, it does not

Hepatocellular carcinoma (HCC) is a major
worldwide cancer with more than 660 thousand people
diagnosed each year [1]. Potentially curative treatments
like surgical resection or liver transplantation are possible,
however tumor recurrence and metastasis frequently
occur after resection and limit the overall survival [2, 3].
Postoperative IFN-α therapy appears to decrease
recurrence after ablative therapies such as radiofrequency
ablation (RFA) of HCV-related HCC [4]. Many studies
have documented that IFN significantly suppresses
the onset of HCC in patients with chronic hepatitis or
liver cirrhosis. Thus, IFN-α therapy for HBV and HCV
www.impactjournals.com/oncotarget

49259

Oncotarget

cause alteration of T regulatory (Treg) cells [9]. Since
the antitumor mechanisms of IFN-α and IFN-λ were
quite distinct, we hypothesized that combined action
of IFN-α and IFN-λ would be more effective than IFN
monotherapy. For this reason, we analyzed the efficacy of
IFN-α/λ combination in cancer therapy.
Currently, IFN is administrated systemically to
patients and often resulted in low antitumor efficacy and
significant side effects due to out of targeting [10, 11].
For this reason, we explored the role of IFN in the tumor
microenvironment. In the present study, we found that
local administration of IFN at the tumor site in BNL
hepatoma model, significantly improved IFN therapy.
We have obtained a complete tumor remission when both
IFN-α and IFN-λ were administrated to mice via gene
therapy approach or by local IFN injection to the tumor
site following tumor surgery. We demonstrated that this
high antitumor efficacy of IFN-α/IFN-λ combination
is associated with enhanced NK cell tumor infiltration
and increased NK cell tumoricidal activity. Therefore
our findings strongly suggest the use of IFN-α/IFN-λ
combination as a novel therapeutic approach for treating
HCC and eradicating tumor recurrence.

mice were treated with IFN after partial tumor removal.
Cancer recurrence is highly relevant in clinic and
new therapies are needed. Even when the tumors are
supposedly removed or the diseased organ replaced,
residual cancer cells cause cancer recurrence. After cancer
surgery (partial tumor removal), mice were subjected to
IFN-α/λ combination therapy. As shown in Figure 1B
and illustrated in Figure 1C, mice treated locally at the
tumor site with the combination of IFN-α and IFN-λ
demonstrated complete tumor remission, whereas
injection of either IFN-α or IFN-λ alone had a modest
tumor repressive effect.
The positive antitumor results obtained with the
combination of IFN-α and IFN-λ prompted us to compare
the effects of local, at the tumor site, vs. systemic
intraperitoneal injections of the IFN-α/λ combination
to tumor bearing mice after partial tumor removal. In
contrast to the systemic administration of the IFNs
(Figure 1D and 1E), local administration was found to be
highly effective in mice after partial tumor removal, using
two doses of the IFN combination, a lower dose (10 ng)
and a higher dose (50 ng) (Figure 1D and 1E). At the high
dose, local IFN administration induced marked tumor
suppression (Figure 1E).However, higher IFN dosage was
less efficacious than lower IFN dosage when used as local
tumor treatment. The lower dose of the combined IFNs
administered locally induced complete tumor remission
(Figure 1C and 1D). This indicates that the presence of
low concentration of both IFN-α and IFN-λ in the tumor
microenvironment are particularly effective in eradicating
tumors, remaining after resection. Therefore, local
administration of low dose of IFN-α/λ to tumor site could
be highly beneficial in clinic for the treatment of primary
tumors and the prevention of tumor recurrence.

RESULTS
Effect of the IFN-α and IFN-λ combination
treatment in the BNL hepatoma model
Our main goal was to evaluate the antitumor
efficacy of IFN-α/IFN-λ combination and to address
the role of IFN when locally introduced in the tumor
microenvironment. We used a classical gene therapy
approach to locally deliver the IFN at the tumor site and
also tested direct IFN injection in the tumor area.
Using a gene therapy approach, we previously
demonstrated that IFN-λ and IFN-α display antitumor
activities in a HCC murine model by delaying the
in vivo tumor growth of BNL hepatoma cells [9]. However,
neither IFN-λ nor IFN-α completely suppressed tumor
growth; only a delay in the onset of tumor development
and slower tumor growth were observed. In the present
studies, we determined whether the combination of
IFN-λ and IFN-α was more effective in inhibiting tumor
development than either agent alone. All mice injected
with parental BNL cells, BNL.vector cells and BNL.
IFN-λ or BNL.IFN-α cells developed tumors (Figure 1A).
However, a delay in tumor growth was observed in mice
injected with either BNL.IFN-α or BNL.IFN-λ cells;
nevertheless tumors appeared in 100% of mice (Figure 1A).
In contrast, only 50% of mice developed tumors after
injection with a combination of BNL.IFN-α and BNL.
IFN-λ (BNL.IFN-α/λ) cells, suggesting a concerted local
action of IFN-α and IFN-λ in tumor eradication.
To address the potential benefit of IFN-α/λ
combination as an effective therapy for cancer recurrence,
www.impactjournals.com/oncotarget

Antitumor immunity induced by the combined
IFN-α/λ treatment
In order to determine whether the mice that survived
the tumor challenge following combined IFN treatment
had generated long-lasting immunity, the mice were
rechallenged with parental BNL cells. After 3 months,
the majority (75–80%) of the mice developed tumors.
Only 25% and 20% of the rechallenged mice, originating
respectively from gene therapy and partial tumor removal
approaches, were tumor free (Figure 2A and 2B),
suggesting a lack of memory response despite a potential
initial T cell response. Since NK cells have been implicated
in the antitumor activity of IFN-α and IFN-λ [9, 14],
we particularly focused our investigation on the role of
NK cells on the marked antitumor activity of IFN-α/λ
combination. We first analyzed NK cell number and
activity in the blood of mice. As shown in Figure 2C, a
marked reduction in circulatory NK cells was observed
in mice challenged with tumor cells relative to naïve
mice. Similarly, the number of circulatory NK cells was
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still reduced in mice bearing tumors expressing each type
of IFN alone or in combination. Furthermore, the effect
of IFN was associated with a decreased activation of
NK cells in the peripheral blood as assessed by NKG2D
expression (Figure 2D), suggesting that antitumor
activity of IFNs did not correlate with activation status
of systemic NK cells. However, in accordance with the
high antitumor impact of IFNs delivered into the tumor
(Figure 1B and 1C), local recruitment of NK cells could
be promoted by IFNs. Indeed, tumor-immunohistology
analysis showed high infiltration of NK cells, particularly
in the presence of IFN-λ (Figure 2E). The fact that tumor
infiltration of NK cells was reduced in mice injected with
the combination of BNL.IFN-α/λ cells in comparison
with BNL.IFN-λ could suggest a reduction of IFN-λ
production by tumors that developed in mice. To test this
hypothesis, we analyzed tumor samples ex-vivo for IFN
production and indeed observed a significant reduction in
IFN-λ secretion (data not shown), suggesting that in the
context of the mixed BNL.IFN-α/λ cells, the growth of

BNL.IFN-λ cells within the tumor was suppressed.
Therefore, the IFN-α/λ combination might act locally to
increase NK cell tumor targeting.
We next examined whether the antitumor activity
of the IFN-α/λ combination is associated with a systemic
decrease in the blood of other cell populations as
demonstrated for NK cells. In comparison with naïve
mice, we observed significant increases in B (CD45R+;
Figure 2F and 2G) and macrophage/dendritic (CD11b+;
Figure 2H and 2I) cell populations positive for the
expression of CD86 and CD54 activation markers in the
blood of mice injected with parental BNL cells. In contrast
to parental BNL cells, engineered BNL cells did not induce
significant changes in these cell populations, compared
to naïve controls. A more significant decrease of either
CD86+ or CD54+ cell population, reaching normal levels
was detected in mice subjected to the BNL.IFN-α/λ cell
injection, suggesting a link between the antitumor efficacy
of IFN-α/λ combination and the reduction of the number
of activated peripheral blood cells in tumor-bearing mice.

Figure 1: Synergisitic effects of IFN-α and IFN-λ on in vivo BNL tumor growth. (A) Syngeneic BALB/c mice (n = 8) were

injected s.c. in the flank with 106 BNL, BNL.vector, BNL.IFN-λ, BNL.IFN-α cells, or a 50:50 combination of both IFN-producing cells.
Data in the Kaplan-Meier survival curves are shown as percentage of tumor free mice. BNL.IFN-α or BNL.IFN-λ versus BNL.IFN-α/λ
cells (*) p < 0.05 (one-way ANOVA). (B) Mice (n = 5 per group) were inoculated with 106 parental BNL cells at the back. After tumor
growth (1 cm3), partial tumor removal was performed (0.3 cm3 left). Mice were then treated with 10 ng of either IFN-α or IFN-λ alone, or
a combination of IFN-α and IFN-λ (50% of each dose) at the tumor surgery site, starting two days post-surgery, three days a week for two
weeks; and tumor growth was monitored. Data are presented as the mean tumor volume ± SE (n = 5). (C) Representative example showing
a mouse, treated with IFN-α and IFN-λ combination (Left) and control (Right). Arrows indicate the tumor site and area of treatment with
IFN-α and IFN-λ combination or control (Mock). (D and E) Mice (n = 5 per group) were inoculated with 106 parental BNL cells at the neck.
When the tumor reached around 1 cm3, partial tumor removal was performed. Mice were then treated locally at the tumor inoculation site
at the neck or systemically (i. p) with either 10 ng (d) or 50 ng (e) of a combination of IFN-α and IFN-λ (50% of each IFN dose), three days
a week for two weeks and starting two days post-surgery. Experiments are repeated 3 times and data presented as the mean tumor volume
± SE. (*) p < 0.05. p value determined by Mann-Whitney U test.
www.impactjournals.com/oncotarget
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Sensitization of BNL tumor cells to NK cell
killing by the IFN-α/λ combination

cytotoxicity) was observed in BNL cells producing both
IFN-α and IFN-λ. Therefore concerted action of IFN-α and
IFN-λ is critical in tumor cells sensitization to NK cellmediated tumor cytotoxicity. To address whether NK cellmediated tumor cytotoxicity involved direct interaction
between NK cells and BNL tumor cells, we evaluated the
involvement of NKG2D system, known to play a central
role in inducing NK cell tumoricidal functions. To test
this, naïve NK cells were pre-incubated with a blocking
anti-NKG2D antibody and NK cells-mediated tumor
cytotoxicity was evaluated using parental and IFN-α/λsecreting BNL cells. As shown in Figure 3B, significant
reduction of cell death was observed in IFN-α/λ-secreting
BNL cells, strongly suggesting that NKG2D engagement
was necessary for NK cell-mediated cytotoxicity against
those tumor cells. However pre-exposure of NK cells to
IFN-α/λ moderately affected their cytotoxic activity on
parental BNL cells (Figure 3C). Therefore, the antitumor

IFN-α/λ combination therapy induced marked
antitumor activity. Apparently this antitumor effect
was dependent on the concerted action of IFN-α and
IFN-λ within the tumor microenvironment. Our tumor
immunohistology analysis strongly suggested the
involvement of NK cells, in agreement with previous
reports, demonstrating that both IFN-α and IFN-λ
promoted NK cell antitumor activities [9, 15, 16]. To
address the role of NK cells in the antitumor activity
induced by IFN-α/λ combination treatment, we have
evaluated NK cell-mediated tumor cytotoxicity. Purified
NK cells from spleens of naïve mice were tested for their
tumor cytotoxicity on parental BNL cells and engineered
BNL cells constitutively producing IFN-α and IFN-λ.
As shown in Figure 3A, the strongest cell killing (tumor

Figure 2: Antitumor immunity induced by the IFN-α/λ combination. (A and B) Survived mice in the experiments represented

in Figure 1A (n = 4) and Figure 1C (n = 5), respectively, were re-challenged with a s.c. injection at the original tumor inoculation site (left
flank) with 106 parental BNL cells. Mice were followed for 3 months and percentage of tumor free mice was determined. (C and D.) Blood
was isolated from naive mice or mice at 15 days post injection with 106 of parental BNL or engineered BNL cells, BNL.IFN-α, BNL.
IFN-λ and the combination of BNL.IFN-α and BNL.IFN-λ (BNL.IFN-α/λ) cells (50% of each). The number of circulatory CD49B+ NK
cells (c), CD49B+/NKG2D+ NK cells (d) was determined by flow cytometry in each group of mice. Relative cell numbers (%) are shown
as the mean ± SE (n = 3 mice per data point). Relative cell numbers (%) are shown as the mean ± SE (n = 3 tumors per data point). (E)
Immunohistochemical staining with green fluorescence of NK cells (CD49B+), infiltrating parental or engineered BNL hepatoma tumors.
Images were taken on confocal fluorescence microscope (x250). (F–I) Assessment of circulatory CD45R+/CD86+ (f), CD45R+/CD54+
(g), CD11b+/CD86+ (h) and CD11b+/CD54+ (i) populations in mice blood. Blood was isolated from naive mice or mice at 15 days post
injection with 106 of parental BNL or engineered BNL cells, BNL.IFN-α, BNL.IFN-λ and the combination of BNL.IFN-α and BNL.IFN-λ
(BNL.IFN-α/λ) cells (50% of each). The number of cells was determined in each group of mice and presented as relative cell numbers (%)
and shown as the mean ± SE (n = 3 mice per data point). P values are calculated using Mann-Whitney U test. (*) p < 0.05.
www.impactjournals.com/oncotarget
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effects resulting from IFN-α/λ appear to depend mainly
on sensitization of BNL cells to NK cell targeting and
lysis. Therefore, the presence of both IFN-α and IFN-λ
in the tumor microenvironment appear crucial in tumor
sensitization to NK cell mediated antitumor activity and
clearance of the host from cancer (Figure 4).

the tumor and preventing its recurrence (Figure 1B
and 1C). In contrast to systemic administration, local
administration of IFN-α and IFN-λ was more efficient
in tumor elimination, particularly when lower IFN doses
were administrated (Figure 1C and 1D). Higher amounts
of IFN-α and IFN-λ were less efficient in suppressing
tumor growth. Because low doses of IFN-α and IFN-λ
were highly effective in suppressing tumor growth, limited
adverse effects associated with IFN-α/λ combination
therapy could be expected in patients. Presence of suitable
level of IFN-α and IFN-λ in the tumor microenvironment
seems necessary for optimal tumor eradication. In clinic,
significant lymphotoxicity has been associated with high
doses of IFN-α, suggesting that excessive IFN dosage
may jeopardize the beneficial immune response against
tumor cells. [10, 11]. Our findings show that concerted
action of IFN-α and IFN-λ is crucial in promoting a strong
NK cell-antitumor immunity, mostly occurring via tumor
sensitization to NK cells (Figure 3A) rather than a direct
modulation of NK cell functions (Figure 3D). In contrast
to IFN-α, we did not observe any direct response of NK
cells to IFN-λ (Figure 3D) , in agreement with our previous
report [9] and other studies, demonstrating that IFN-λ was

DISCUSSION
Although, previous studies demonstrated that
either IFN-α or IFN-λ alone induces significant tumor
suppression in the BNL hepatoma model, only a delay in
tumor growth was observed with no increase in survival
[9]. In the present study, we evaluated the combination of
IFN-α and IFN-λ as a potential new antitumor therapy.
Remarkably, the combination of IFN-α and IFN-λ was
highly effective in suppressing tumor growth in mice.
This was observed by using either a gene therapy approach
(Figure 1A), or by directly injecting tumor-bearing mice
with IFN-α and IFN-λ (Figure 1B and 1C). In accordance
with IFN adjuvant therapy, which mostly used in clinic
after tumor surgery [10], combination of IFN-α and IFN-λ
was more successful than IFN monotherapy in eradicating

Figure 3: NK cells induced tumor immunotoxicity. (A) NK cells were evaluated for their tumor toxicity on target cells, parental BNL
or engineered BNL cells, BNL.IFN-α, BNL.IFN-λ and BNL.IFN-α/λ cells. After co-culture of NK cells (purified from spleen of naïve mice)
with target cells, cells were harvested, PI stained and the amount of cell death was assessed by FACS as indicated in Supplementary Figure 1.
Dead cells (%) are shown as mean ± SE (n = 3 by data points). (B) Effect of the blocking anti-NKG2D antibody (C7) on the promotion of
tumor toxicity using IFN-α/λ-secreting BNL cells. After one hour incubation of anti-NKG2D or isotype control antibody with NK cells,
tumor cytotoxicity was evaluated. (C) Effect of pretreatment of NK cells with IFN on the induction of NK cells cytotoxicity on parental
BNL tumors. Dead cells (%) are shown as mean ± SE (n = 3 by data points, (**) p < 0.01, (*) p < 0.05). P values are calculated using
Mann-Whitney U test.
www.impactjournals.com/oncotarget
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not acting directly on NK cells [17, 18]. Therefore, it is
likely that activation of NK cells is promoted to higher
extent by the direct action of IFN-α, whereas simultaneous
action of IFN-λ and IFN-α on tumor cells makes them a
better target for NK cell-mediated cytotoxicity. We have
demonstrated that NK cell tumor targeting occurred via
the activator receptor NKG2D [19–21]. Upregulation
of NKG2D ligand, H60 by IFN-λ has been suggested in
B16 melanoma model [22]. However a concerted action
of IFN-α and IFN-λ on tumor cells may have a greater
impact on the expression balance of NK cell activator
and inhibitor receptors that control NK cell tumoricidal
functions [20, 21].
Our study supports the use of adoptive transfer
of NK cells as therapeutic strategy for HCC treatment
in agreement with the recent reports [23, 24]. However,
it suggests that alternative strategies, not based on the
direct activation of NK cells as commonly reported
can be also used to promote NK cell therapy [25]. For
establishing a successful NK cell therapy against HCC
and probably other cancers, our findings show that tumor
cell sensitization to NK cell-mediated tumor cytotoxicity
is crucial. Administration of IFN-α and IFN-λ in the
tumor microenvironment would be central in promoting
tumor sensitization to NK cells. Appropriate production
of IFN-α and IFN-λ in the tumor microenvironment
may occur naturally via potential tumor sensoring
pathways such STING [26, 27]. Deficiency on those

pathways may impair IFN production and enhance tumor
development. Introduction of IFN-α and IFN-λ in the
tumor microenvironment may be beneficial for rectifying
potential deficiencies of tumor sensoring pathways and led
to the induction of antitumor responses.
It is also noteworthy to mention that recent
studies uncovered association between a set of linked
polymorphisms within the IFN-λ locus and the success of
IFN-α-based treatment in patients chronically infected with
HCV [28]. These polymorphisms may modulate expression
or activity of IFN-λ [29, 30] or IFN-λR1 [31] and, in
turn, affect IFN-α therapy. The IFN-λ polymorphism was
reported to be also associated with altered functions of NK
cells [32, 33]. In addition, treatment of cells with IFN-λ
induces several negative regulators of IFN signaling and
desensitizes cells to IFN-α [34–36]. All these studies
suggest the existence of a multi-leveled crosstalk between
IFN-λ and IFN-α, which underlies synergistic antitumor
activities of these IFNs observed in the current study.
In conclusion, our study demonstrates that IFN-α
and IFN-λ possess non-redundant antitumor activities
and emphasizes a concerted role of IFN-α and IFN-λ
in promoting NK cell tumor targeting. Additive and
complementary antitumor mechanisms of type I and type
III IFNs observed in the current and previous studies
[9, 15, 37, 38] suggest that the combinatorial therapy using
IFN-α and IFN-λ should be further explored to improve
IFN-based cancer immunotherapy.

Figure 4: Role of NK cells in the promotion of anticancer efficacy of IFN-α/λ combination. Within the tumor site, IFN-

α/λ induced NK cells activation, mostly via tumor cell sensitization to NK cells. Concerted action of IFN-α and IFN-λ promotes NK
cell tumor targeting and induces tumor eradication. IFN-α/λ is released in the tumor site by direct injection or through IFN secretion by
dendritic cells (DCs) either conventional or plasmacytoid DCs. Activation of NKG2D system by IFN-α/λ appears crucial within the tumor
microenvironment for the promotion of local NK cell tumor surveillance.
www.impactjournals.com/oncotarget
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MATERIALS AND METHODS

After mice developed tumors (~ 0.5 cm3), a lower dose
(10 ng) or higher dose (50 ng) of IFN-α or IFN-λ alone,
or in combination (50% of each), diluted in 0.1 ml of PBS
was injected locally at the tumor site or intraperitoneally
every 3 days for 2 weeks. Mice were followed for tumor
development for additional 3 weeks. In other groups,
similar doses of IFN were administrated to mice after
partial surgical tumor removal (~0.3 cm3 remaining
tumor from ~1 cm3 tumor ). IFN treatment was started
2 days after the surgery and maintained every 3 days
for 2 weeks. Tumor volume was measured by a Vernier
caliper. Tumor volume (cubic millimeter) was calculated
using the formula ab2/2, where a = largest diameter and
b = smallest diameter. Animals with excessive tumor burden
( ≥ 1 cm3) were euthanized. Mice that rejected tumors were
re-challenged with 106 parental BNL cells and followed for
potential tumor redevelopment for 3 months.

Cells and transfections and expression plasmids
BALB/c-derived murine hepatocellular carcinoma
BNL cells were maintained in DMEM medium with 10%
FBS. Expression plasmids pEF-mIFN-λ2 and pEF-mIFN-α7
were described previously [9, 12]. pEF-mIFN-λ2 and pEFmIFN-α7 plasmids were stably transfected into 106 BNL
cells using transit-LT1 reagent (Mirus, Madison, WI).
G418-resistant cells were selected by using 500 μg/ml
of Geneticin (Invitrogen, Carlsbad, CA) as previously
described [9, 12].

Flow cytometric analysis
To assess the effect of IFN-α/IFN-λ combination
on the activation of peripheral blood mononuclear cell
(PBMC) populations in mice harboring tumors, whole
blood was extracted from mice (after anesthesia) 14 days
following tumor injection with parental or BNL cells,
expressing IFN-α and IFN-λ. Blood was collected in
tubes containing citrate sodium to prevent coagulation.
Before flow cytometry analysis, blood was cleared from
red blood cells by using lysis buffer as recommended
by the manufacturer (Sigma, Saint Louis MO, USA).
Similar volume of PBMCs (100 ml) was used. To
determine the absolute number of cells in each sample,
we used count bright beads before flow cytometry
acquisition. Blood from each group (3–5 mice) was
individually analyzed and % of total or relative cell
populations was determined.
Activated PBMCs, B cells (CD45R+/CD86+,
CD45R+/CD54+), monocytes (CD11b+/CD86+, CD11b+/
CD54+) and NK cells (CD49B+/NKG2D+) were double
stained with rat monoclonal antibodies against CD45R
APC, CD11b PE (CALTAG Laboratories, Burlingame,
CA) or CD49B FITC (Pan NK cells) (BioLegend, San
Diego, CA, USA), along with CD54 FITC, CD86 FITC
and NKG2D PE (BioLegend, San Diego, CA, USA).
Stained cells (104) were analyzed by flow cytometry as
previously described [9, 12] using Beckman Coulter
Gallios Flow Cytometry (compensation was performed
by Gallios software during sample acquisition).

NK cell cytotoxicity, immunohistochemistry and
NKG2D blocking
NK cell cytotoxicity was assessed by FACS and
Propidium Iodide (PI) staining. 5 × 103 target cells
(Parental BNL cells and BNL cells expressing IFN-α and/
or IFN-λ) and 2.5 × 104 NK cells were co-incubated for
4 hours at 37°C and 5% CO2. NK cells were pretreated
or not for 12 hours with IFN prior immunotoxicity assay
[10 ng of IFN-α or IFN-λ alone, or in combination (50%
of each)], The cells were harvested and resuspended in
500 ml of PBS. 5 ml of PI was added to the cells and cell
viability/mortality was analyzed by FACS (forward and
scatter gated) as illustrated in Supplementary Figure 1.
Immunohistochemistry of tumors for NK cell
infiltration were performed as previously described [9, 13].
For NKG2D blocking, we used the C7 monoclonal antibody
which reacts with the mouse NKG2D (eBioscience, San
Diego CA, USA). Armenian hamster IgG isotype control
(clone: eBio299Arm, eBioscience, San Diego CA, USA)
was included. 2.5 × 104 NK cells were pre-incubated with
the anti-NKG2D blocking antibody or isotype control for
1 hour (37°C 5% CO2) at 20 mg/ml prior to immunotoxicity
assay. Immunotoxicity assay with NK cells was preformed
similarly as above by co-incubating 5 × 103 target cells
(parental BNL cells and BNL cells expressing IFN-α and/
or IFN-λ) with 2.5 × 104 NK cells. Prior to immunotoxicity
assay, NK cells were treated or not with IFN-α/λ (10 ng/ml
of IFN-α or IFN-λ for 2–10 hours). Isolation of NK
cells from single cell suspensions of murine spleen was
performed using the NK cell isolation kit II (Miltenyi
Biotech, Auburn CA, USA).

Tumor transplantation and IFN treatment
Immunocompetent female BALB/c mice (6–8
weeks old) were obtained from Jackson Laboratory (Bar
Harbor, ME, USA) and maintained in a pathogen-free
barrier facility. BALB/c mice were injected subcutaneously
(s.c) into flank or back with 106 BNL cells (parental or
transfected with empty plasmid), BNL.IFN-α cells, BNL.
IFN-λ cells or a 50:50 combination of BNL.IFN-α and
BNL.IFN-λ cells in 0.1 ml of PBS. Tumor growth was
evaluated by palpation of the injection site every 2 days.
www.impactjournals.com/oncotarget

Data analysis
The Kaplan-Meier estimator was used to calculate
the median survival (tumor appearance) time and to
derive tumor appearance (survival) curves. Statistical
49265
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analysis was performed using a one-way ANOVA and
Mann-Whitney U test. Differences were considered
statistically significant at p < 0.05.

8. Ishikawa T, Higuchi K, Kubota T, Seki K, Honma T,
Yoshida T, Kamimura T. Combination PEG-IFN
a-2b/Ribavirin Therapy Following Treatment of Hepatitis
C Virus-Associated Hepatocellular Carcinoma is Capable
of Improving Hepatic Functional Reserve and Survival.
Hepato-gastroenterology. 2012; 59:529–532.
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