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ABSTRACT

Oncolytic viruses (OV) preferentially kill cancer cells due in part to defects in their antiviral responses upon exposure to type I
interferons (IFNs). However, IFN responsiveness of some tumor cells confers resistance to OV treatment. The human type I IFNs
include one IFN- and multiple IFN-« subtypes that share the same receptor but are capable of differentially inducing biological
responses. The role of individual IFN subtypes in promoting tumor cell resistance to OV is addressed here. Two human IFNs
which have been produced for clinical use, IFN-«2a and IFN-3, were compared for activity in protecting human head and neck
squamous cell carcinoma (HNSCC) lines from oncolysis by vesicular stomatitis virus (VSV). Susceptibility of HNSCC lines to
killing by VSV varied. VSV infection induced increased production of IFN- in resistant HNSCC cells. When added exoge-
nously, IFN- was significantly more effective at protecting HNSCC cells from VSV oncolysis than was IFN-o2a. In contrast,
normal keratinocytes and endothelial cells were protected equivalently by both IFN subtypes. Differential responsiveness of tu-
mor cells to IFN-a and -3 was further supported by the finding that autocrine IFN-{3 but not IFN-a promoted survival of
HNSCC cells during persistent VSV infection. Therefore, IFN-a and - differentially affect VSV oncolysis, justifying the evalua-
tion and comparison of IFN subtypes for use in combination with VSV therapy. Pairing VSV with IFN-a2a may enhance selec-
tivity of oncolytic VSV therapy for HNSCC by inhibiting VSV replication in normal cells without a corresponding inhibition in

cancer cells.

IMPORTANCE

There has been a great deal of progress in the development of oncolytic viruses. However, a major problem is that individual can-
cers vary in their sensitivity to oncolytic viruses. In many cases this is due to differences in their production and response to in-
terferons (IFNs). The experiments described here compared the responses of head and neck squamous cell carcinoma cell lines
to two IFN subtypes, IFN-a2a and IFN-f3, in protection from oncolytic vesicular stomatitis virus. We found that IFN-a2a was
significantly less protective for cancer cells than was IFN-f3, whereas normal cells were equivalently protected by both IFNs.
These results suggest that from a therapeutic standpoint, selectivity for cancer versus normal cells may be enhanced by pairing

VSV with IFN-a2a.

he use of viruses to selectively kill cancer cells (oncolytic viro-

therapy) is a promising alternative therapy for cancer (1). The
basis for this treatment approach is that cancer cells frequently
have defective antiviral responses that develop as a consequence of
cellular transformation (2-5). As a result, they are more suscepti-
ble than their normal cellular counterparts to infection and apop-
totic death induced by cytopathic viruses (6, 7). Vesicular stoma-
titis virus (VSV), a negative-strand RNA virus of the family
Rhabdoviridae, is being investigated as an oncolytic agent for the
treatment of prostate (6, 8), skin (9, 10), colorectal (2, 11, 12),
pancreatic (13), brain (14, 15), and other cancers. A variety of
attenuated VSV strains have been engineered to express heterolo-
gous genes to increase selectivity for tumor cells, to augment tu-
mor cell killing, or to enhance antitumor immunity (reviewed in
reference 16). Recombinant VSV strains have produced encour-
aging preclinical results for a broad range of tumor types (17-22),
and VSV expressing the human beta interferon (IFN-3) gene cur-
rently is undergoing a phase I clinical trial for the treatment of
hepatocellular carcinoma (http://www.clinicaltrials.gov/ct2/show
/study/NCT01628640).

Because normal cells respond to viral infection by mounting a
protective type I IFN response while many cancer cells do not
share this capability (7), the selectivity of VSV for cancer cells has
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been improved by combination treatment with type I IFN, for
example, by incorporating the gene for IFN-$ into the VSV ge-
nome or by the use of mutant or engineered VSV strains that
induce robust IFN production (2, 6, 18). Wild-type VSV inhibits
host antiviral responses by globally suppressing host-directed
gene expression due to the activity of the viral matrix (M) protein
(2,23-25). M protein mutant strains of VSV, such as M51R VSV,
are severely defective for inhibition of the host antiviral response
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but are not defective for the production of progeny virions or the
ability to induce apoptosis (2, 23, 26). Therefore, in contrast to
wild-type (wt) VSV, M protein mutant VSV strains effectively
induce type I IFN production by normal cells. This promotes se-
lective killing of IFN-sensitive cancer cells (2, 6, 9, 18), as does
engineering wt VSV to produce murine or human IFN-f3 (17, 18,
27,28).

One of the challenges to oncolytic virus therapy is that individ-
ual cancers vary in their sensitivity to oncolytic viruses even when
these cancers arise from the same tissue type. Cancer cell resis-
tance to VSV and other oncolytic viruses often is due to partial or
full retention of type I IFN responsiveness and/or to constitutive
expression of IFN-stimulated antiviral genes (6, 13, 29-34). The
human type I IFN family includes 12 subtypes of IFN-a and one
subtype of IFN-B, all of which share significant amino acid ho-
mology (35). IFN-3 and IFN-« bind to the same receptor, which is
composed of two subunits, a low-affinity IFNARI and a high-
affinity IFNAR2. Formation of a ternary complex activates JAK/
STAT signaling and the transcription of hundreds of IFN-stimu-
lated genes (ISGs), which establish an antiviral state (36). Type I
IEN also has antiproliferative, proapoptotic, antiangiogenic, and
immunoregulatory activities in addition to antiviral activity (37,
38). Although no unique functions have been defined for IFN-a
relative to those of IFN-f3 (39), distinct IFN subtypes are capable
of differentially inducing biological responses despite signaling
through a shared receptor (40, 41). Although all type I IFN sub-
types are similarly effective at inducing antiviral gene expression,
IEN-f regulates cellular functions such as growth and apoptosis at
concentrations that are orders of magnitude lower than those for
any of the IFN-a subtypes (38). This is due in part to the capacity
of IFN-B to bind with higher affinity and form more stable
ternary complexes with IFNAR1 and IFNAR?2 (42-44). Differ-
ential immunoregulatory capacities also have been noted for
IFN-B and -a and among IFN-a subtypes (41, 45, 46). In addi-
tion to ligand binding affinity, differential induction of biological
responses by IFN-3 and -a has been attributed to IFNAR-1 and -2
expression levels, receptor trafficking (degradation versus recycling),
and the presence of cell- and tissue-specific regulatory factors (38, 45,
47-49).

Because IFN-« and -3 are not necessarily equivalent in their
ability to induce biological responses in a given pathological set-
ting, here we have addressed the role of IFN subtypes in regulating
cancer cell resistance to virus-induced oncolysis. The goal of the
current study was to compare the relative abilities of [FN-a2a and
IEN-f, both of which are currently in clinical use, to protect head
and neck squamous cell carcinoma (HNSCC) cells from VSV-
induced killing. Human squamous cell carcinoma offers the pros-
pect of therapeutic intervention by a direct intratumoral route and
has been used extensively for evaluation of various OV treatments
(50). We found that HNSCC lines are more effectively protected
from VSV-induced cytolysis by IFN-$3 than by IFN-a2a when
treated with equivalent units of IFN bioactivity. Importantly, this
was not the case for nonmalignant cells, which responded simi-
larly to both IFN subtypes. In addition, we found that IFN-{ but
not IFN-a was key to maintaining a state of persistent infection
(PI) of HNSCC cells with M51R VSV. These results demonstrate
that with regard to enhancing the selectivity of VSV for cancer
cells, combining OV treatment with IFN-a2a rather than IFN-3
may be more effective, and they highlight a need for further inves-
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tigation of IFN subtypes as agents to improve selectivity of OV for
cancer cells.

MATERIALS AND METHODS

Reagents. Human IFN-a2a (11101-1) and IFN-B (11410) were pur-
chased from PBL Assay Science (Piscataway, NJ). Interferons were ali-
quoted and stored at —80°C. Antibodies against IFN-a (MAB413) and
IFN-B (AB1431) were purchased from Merck Millipore (Billerica, MA).

Cell propagation and virus infections. Recombinant wild-type (rwt)
VSV expressing wt M protein and enhanced green fluorescent protein
(rwt VSV-eGFP) or recombinant VSV expressing the M51R mutant M
protein and eGFP (M51R VSV-eGFP) were isolated from infectious
cDNA clones as described previously (51). Viruses were grown in BHK
cells, supernatants containing progeny virions were harvested, and the
titers were determined using a plaque assay (26). BHK cells were cultured
in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine se-
rum (FBS) and 2 mM L-glutamine. SQ20B, JSQ-3, and SCC61 head and
neck tumor cells were a gift from Ezra Cohen (University of San Diego).
SQ20B cells were grown in Dulbecco’s modified Eagle’s medium nutrient
mixture F12 (DMEM F12) with 10% FBS, 2 mM tr-glutamine, and peni-
cillin-streptomycin (P/S). JSQ-3 and SCC61 cells were grown in DMEM
F12 with 10% FBS, 2 mM L-glutamine, P/S, and 0.4 pg/ml of hydrocorti-
sone. RKO cells (kindly provided by John Stewart, Wake Forest Univer-
sity) were cultured in McCoy’s 5A medium with 10% FBS, 2 mM 1-glu-
tamine, and P/S. Normal human epidermal keratinocyte (NHEK) cells
were purchased from Lonza and cultured in KGM-Gold bullet kit me-
dium (192060). Human microvascular endothelial cells (HMVEC) were
purchased from Lonza and cultured in EGM Bullet kit medium (cc-3124).

Establishment of persistent VSV infection. SQ20B, JSQ-3, or SCC61
cells were grown to 70% confluence in 10-cm dishes and infected with
MS51R VSV at a multiplicity of infection (MOI) of 0.1, 1.0, and 10. After 3
to 4 days, the majority of the cells were dead. The cells that survived the
initial infection (approximately 1 to 20% depending on the cell line and
dose of virus) were maintained in culture by supplementing with fresh
medium and growing to confluence. Cells were split and reseeded repeat-
edly to maintain the cultures. Cells and cell culture media were collected
every 5 passages and frozen at —80°C.

Cell viability assays. Uninfected or persistently infected tumor cells
were seeded at a density of 4 X 10* to 5 X 10* cells/well in a 24-well plate.
After a 24-h recovery period, cells were infected with rwt-eGFP or M51R
VSV-eGFP at an MOI of 0.1 or 10 PFU per cell in 100 .l of serum-free
media for 45 min. Cells were washed once with phosphate-buffered saline
(PBS) and covered with 500 p.l of medium. Cell viability was assessed at 48
h postinfection by MTT [3-(4,5-dimethylthiazol-2-y1)2 2,5-diphenyl tet-
razolium bromide] assay according to the manufacturer’s instructions
(Roche). Samples were tested in triplicate, and each experiment was per-
formed independently at least 3 times.

IFN protection against viral killing. Uninfected or persistently in-
fected tumor cells were seeded in 24-well plates at the following den-
sities: JSQ-3 and SCC61 cells at 1.5 X 10* cells/well, SQ20B at 3.3 X 10*
cells/well, and RKO cells at 4 X 10* cells/well. Twenty-four hours later,
cells were pretreated with 100 IU/ml or 1,000 IU/ml of IFN-a2a or
IEN-B. Cells were infected after an additional 24 h with viruses at an
MOI of0.1 or 10 PFU per cell. After 48 h, cell viability was measured by
MTT assay as described above.

IFN antibody pretreatment. Two experimental protocols were used
as follows. (i) Uninfected or persistently infected tumor cells were seeded
as described above for IEN protection assays. Twenty-four hours later,
cells were pretreated with antibody against IFN-a, IFN-B, or both, at a
concentration of 500 U/ml, to neutralize low-level, constitutive IFN that
was detected in mock-infected cells. Eighteen hours posttreatment, cells
were infected with M51R VSV-eGFP at an MOI of 0.1 in the continued
presence of the same dose of anti-IFN antibody. At 24 h postinfection,
medium samples were collected for plaque assay to determine viral titers,
and cells were examined by fluorescence microscopy. The percentage of
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FIG 1 Sensitivity of HNSCC lines to M51R VSV and rwt VSV. HNSCC cell lines (JSQ-3, SCC61, and SQ20B) or normal endothelial cells or keratinocytes
(HMVEC and NHEK cells, respectively) were infected with eGFP-expressing M51R VSV (a and ¢) or rwt VSV (b and d) at the indicated MOIs. RKO, a colorectal
line that is highly sensitive to VSV, served as a control. The percentage of eGFP-expressing cells, quantified by fluorescence microscopy at 24 h postinfection, is
shown in panels a and b. Cell viability as measured by MTT assay at 48 h postinfection is shown in panels ¢ and d. Results are expressed as percentages of cells
relative to the number of mock-infected cells that survived infection. The means = SD from at least 3 individual experiments is shown. *, P < 0.05 for three
HNSCC lines, all comparisons; **, P < 0.05 for two normal cell lines versus three HNSCC lines, all comparisons at each MOL. P values were determined by

one-way ANOVA with Tukey’s posttest.

eGFP-expressing cells was determined using a Nikon Eclipse TE300 epi-
fluorescence microscope. Fluorescent and bright-field images were cap-
tured digitally, and the percentage of eGFP-expressing cells per image was
determined. At least 100 cells were counted per sample condition. MTT
assays were performed on some cultures at 72 h postinfection to evaluate
cell viability. (ii) SQ20B cells or JSQ-3 cells persistently infected with
MS51R VSV were seeded in quintuplicate in 12-well dishes. Twenty-four
hours later, antibody against IFN-a or IFN-(3 (500 U/ml) was added to the
culture media. Viable cells from each experimental condition were
counted using trypan blue dye exclusion on days 0, 1, 2, 3, and 4 after
antibody addition.

Treatment of persistently infected tumor cells with exogenous IFN.
Persistently infected JSQ-3 cells were seeded at a density of 4 X 10* to 5 X
10* cells/well in a 24-well dish. Twenty-four hours later, IFN- or IFN-
a2a (1,000 U/ml) was added to the culture media. Cells were maintained
in culture, adding the same concentration of IFN with each passage. After
10 passages, culture medium was collected and tested for the presence of
VSV by plaque assay and by adding the culture medium to fresh BHK
culture medium at a 1:1 dilution. When VSV was no longer detectable by
either method, the addition of IFN to the cultures was stopped. After
several passages in the absence of IFN, the cells were tested for suscepti-
bility to VSV infection as described above for cell viability assays.

ELISA. IFN-B and IFN-a levels present in cell supernatants at 24 h
postinfection were determined using VeriKine human IFN-f (41410-1)
and IFN-a (41100-1) enzyme-linked immunosorbent assay (ELISA) kits
from PBL Assay Science.

Statistics. All experiments were repeated 3 times, except where indi-
cated, and the means * standard deviations (SD) are reported. For com-
parison of 2 treatment groups, the data were analyzed by unpaired Stu-
dent’s ¢ test, and statistical comparisons were considered significant for
P < 0.05. For ELISA data shown in Fig. 2a, which had large variability, log
transformations were performed prior to making comparisons between
groups. For analysis of variance (ANOVA) among multiple treatment
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groups, the data were analyzed by one-way ANOVA with Tukey’s method
for adjusting for multiple comparisons. For analyses comparing groups
over time (see Fig. 6), two-way ANOVA models were fit with group and
time and the group-by-time interaction. The group-by-time interaction
term was examined in these models to determine whether there were
differences in the change in the outcome (slope) over time. Finally, in the
models examining differences over time, we performed pairwise compar-
isons of groups at 4 days using unpaired ¢ tests to determine whether the
groups differed on the last observed time point. All analyses were per-
formed using SAS, version 9.3 (Cary, NC).

RESULTS

Differential sensitivity of tumor and normal cells to killing by
VSV. The purpose of the experiments shown in Fig. 1 was to
evaluate the sensitivity of three HNSCC lines (JSQ-3, SCC61, and
SQ20B) to VSV infection and cytolysis. For comparison, RKO, a
colorectal tumor cell line that is highly sensitive to the oncolytic
effects of VSV (12), normal human keratinocytes (NHEK), and
microvascular endothelial cells (HMVEC) were tested. Cells were
mock infected or infected with either recombinant M51R VSV
(Fig. 1a and c) or recombinant wild-type VSV (rwt VSV) strains
that express eGFP (Fig. 1b and d). Susceptibility was measured by
quantifying the percentage of cells that were GFP™ (Fig. 1a and b)
and the percentage of cells that survived the infection (Fig. 1c and
d). As shown in Fig. 1a and ¢, differences in susceptibility to infec-
tion and killing by M51R VSV were apparent at an MOI of 0.1. The
order of resistance was the following: JSQ-3 was more resistant
than SCC61, and SCC61 was more resistant than SQ20B (P <
0.05). When exposed to rwt VSV, the HNSCC cell lines showed
the same pattern of resistance under multiple-cycle infection
(MOIT of 0.1) (P < 0.05) (Fig. 1b). For both viruses, the suscepti-
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FIG 2 Production and response to type I IFN inhibition by tumor cells in-
fected with M51R VSV. (a) IFN- levels were measured by ELISA using super-
natants taken from JSQ-3 or SQ20B cells 24 h after infection with M51R VSV
at the indicated MOlIs. Results are expressed as picograms/milliliter of IFN-3
per 1 X 10° cells. The means = SD from 3 individual experiments is shown. (b)
Neutralizing antibodies to IFN-3, IFN-a, or a combination of the two anti-
bodies were added to JSQ-3 cells 18 h prior to the addition of M51R VSV
(MO], 0.1) to the cultures. P values were determined by unpaired Student’s ¢
test.

bility differences among tumor cells lost significance under single-
cycle infection (MOI of 10). Importantly, the normal cells, NHEK
cells and HMVEC, were more resistant to infection and oncolysis
by M51R VSV at both MOI than were any of the tumor cells (P <
0.05 for normal cells versus tumor cells in all comparisons) (Fig.
la and ¢). In contrast, for rwt VSV infection, selectivity for tumor
cells over normal cells essentially was lost, as illustrated by a sim-
ilar sensitivity of all cells to killing by the wt virus (Fig. 1d). These
results show that M51R VSV preferentially infects and Kkills
HNSCC over normal cells, illustrating the tumor-selective basis
for oncolytic treatment with this virus. As shown previously (12),
the positive-control RKO colon carcinoma cells were highly sen-
sitive to infection and killing by both M51R VSV and rwt VSV
regardless of MOL.

VSV-infected tumor cell production and response to IFN in-
hibition. We next inquired if relative susceptibility or resistance of
tumor cells to VSV-induced oncolysis involved type I IFN. The
production of IFN-f and -a was measured after M51R VSV in-
fection of JSQ-3 and SQ20B cells, the most resistant and suscep-
tible HNSCC lines, respectively. IFN-3 was detected in the super-
natants of both JSQ-3 and SQ20B cells, and levels were increased
in response to infection with M51R VSV. At an MOI of 10, both
SQ20B and JSQ-3 produced significantly more IFN-{ than mock-
infected cells (P = 0.004 and P = 0.0039, respectively) (Fig. 2a).
The more resistant JSQ-3 cells produced slightly more IFN-(3 than
the SQ20B cells infected with M51R VSV at an MOI of 10 (P =
0.046). IFN-B was not detected significantly above mock infection
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levels by either cell line infected at an MOI of 0.1. Neither cell line
infected with rwt VSV secreted IFN-{, reflecting the ability of this
strain to suppress the host response. IFN-a was not detected in the
supernatants of any of the infected cell lines (data not shown).

To determine if production of type I IFN by JSQ-3 cells con-
tributed to their resistance to M51R VSV infection at an MOI of
0.1, the cells were pretreated with neutralizing antibodies against
IFN-B, IFN-@, or a combination of anti-IFN-« and anti-IFN-3
(Fig. 2b). Antibodies were added 18 h prior to infection with
M51R VSV. Fewer cells survived the infection in the presence of
anti-IFN-3 neutralizing antibody (approximately 35% survival)
compared to the control with no antibody present (approximately
75% survival) (P < 0.0001). In contrast, the addition of anti-
IFN-a antibody did not significantly increase susceptibility to vi-
rus-induced killing compared to that of no-antibody treatment
(P = 0.09). A combination of the two antibodies did not change
susceptibility relative to that of anti-IFN-f alone (P = 0.43). Anti-
IFN-f antibodies protected JSQ3 cells significantly more than the
anti-IFN-a antibodies (P = 0.001). Collectively the data shown in
Fig. 2 indicate that HNSCC cells retain some capacity to produce
and respond to IFN-3 but not IFN-a, and this contributes to their
resistance to M51R VSV-induced killing.

Differential responsiveness of tumor cells infected with VSV
to IFN pretreatment. The results shown in Fig. 2 suggest that
autocrine IFN-f plays a greater role in protecting JSQ-3 cells from
VSV infection than does IFN-a. To further address the possibility
that JSQ-3 cells respond differentially to IFN-@ and -«, we deter-
mined the extent to which pretreatment with exogenous IFNs
would confer protection from VSV-induced cytolysis. Because
JSQ-3 cells are more sensitive to rwt VSV than to M51R VSV (Fig.
1), and because rwt VSV blocks endogenous IFN production, this
virus was chosen to evaluate protection by exogenous IFN treat-
ment of JSQ-3 cells, NHEK cells, and HMVEC. Cells were primed
for 18 h with either IFN-a2a or IFN-f3 at 100 or 1,000 U/ml prior
to infection. At 48 h, the percentage of cells that survived was
measured by MTT assay (Fig. 3a to ¢). Similar to the data shown in
Fig. 1, approximately 30% of JSQ-3 cells survived the rwt virus
infection in the absence of added IFN (Fig. 3a). Cell survival fol-
lowing pretreatment with IFN-a2a at both 100 U/ml and 1,000
U/ml was not significantly different compared to that of the con-
trol (P = 0.9 and P = 0.16, respectively). In contrast, cell survival
following pretreatment with IFN-B was significantly greater
than that of the control at both 100 U/ml (P = 0.0165) and
1,000 U/ml (P = 0.0004). In addition, survival at 100 and 1,000
U/ml IFN-B was significantly greater than survival at the same
doses of IFN-a (P = 0.0132 and P = 0.004, respectively). No-
tably, this differential protective effect was not observed in
nonmalignant cells. In the absence of added IFN, both normal
cell types, NHEK and HMVEC, were susceptible to rwt virus-
induced cytolysis, likely due to inhibition of the host antiviral
response by wt M protein (Fig. 3b and c, first bar). In contrast
to JSQ-3 cells, both doses of IEN- and IFN-a2a protected
normal cells to a significant extent (P < 0.05 for all compari-
sons versus the control, no IFN added) with no significant
difference between IFN-a and - (Fig. 3b and c).

As an additional test for the protective effects of IFN, superna-
tants were collected at 24 h postinfection and virus titers were
measured by plaque assay (Fig. 3d). For JSQ-3 cells (circles), both
doses of IFN-B more effectively reduced virus titers than did the
same doses of [FN-a2a (Fig. 3d), similar to the results of cell via-
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FIG 3 Protective effect of exogenous IFNs on tumor and normal cells infected with rwt VSV. (a) JSQ-3 cells, (b) NHEK cells, and (c) HMVEC were preincubated
for 18 h with recombinant human IFN-a2a or IFN-{ at either 100 or 1,000 U/ml and then infected with rwt VSV at an MOI of 10. Viability was measured at 48
h by MTT assay. Results shown are the means = SD from at least 3 experiments per treatment. ¥, P < 0.05 for 100 U/ml IFN-f versus 100 U/ml IFN-a; *, P <
0.05 1,000 U/ml IFN- versus 1,000 U/ml IFN-q, determined by one-way ANOVA with Tukey’s posttest. (d) Viral titers in supernatants from JSQ-3 cells and
HMVEC cells were measured at 24 h by plaque assay. Two independent experiments for each cell type and virus are indicated by open and closed symbols.

bility assays (Fig. 3a). For HMVEC (squares), although virus titers
were 2 log lower than those of JSQ-3, IFN-a2a and -3 were simi-
larly effective in reducing virus production. NHEK cells were pro-
tected by pretreatment with IFNs in a manner similar to that of
HMVEC, but results were variable in order of magnitude of the
response over different lots of cells (data not shown). These data
show that JSQ-3 cells are capable of responding to IFN and that
IFN-f is more protective against VSV infection and cytolysis than
IFN-a2a. In contrast, IFN-B and -a2a protected normal cells to a
similar extent. The results with normal cells provide evidence that
differential protection of tumor cells by IFN subtypes was not due
to differences in specific activities or functional integrity of the
IFN-B and IFN-«2a preparations.

The ability of IFN-a2a and IFN-f to protect the more suscep-
tible cancer cells, SCC61, SQ20B, and RKO, from infection and
killing was measured for both rwt and M51R viruses (Fig. 4). Both
viruses were evaluated due to increased sensitivity of these cell
lines to infection and killing relative to that of JSQ-3 (Fig. 1).
IFN-B killed mock-infected SQ20B cells at 1,000 U/ml (data not
shown), precluding measurement of protection at that dose. With
the exception of SQ20B cells treated with 1,000 U/ml IFN-3, IFN
treatment alone did not exert toxic effects on the tumor cells. For
both SCC61 and SQ20B, interferon pretreatment protected the
cells from killing by both M51R and rwt VSV relative to that of the
control (no interferon pretreatment). However, when equivalent
doses of IFN-a and - were compared, IFN-f3 was significantly
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more protective against virus-induced killing than was IFN-a2a
(P < 0.001 for all comparisons). Similarly, in RKO colon cancer
cells, which were highly susceptible to VSV, as shown previously
(12), IEN-B at 1,000 U/ml exerted a significantly greater level of
protection from killing by M51R VSV than did IFN-a at 1,000
U/ml (P < 0.05) (Fig. 4a). IFN-f induced only a modest level of
protection against rwt VSV, while IFN-« had no protective effect
(Fig. 4b). Consistent with the survival data, IFN-f also reduced
virus titers to a greater extent than IFN-a2a at equivalent doses,
and this pattern was consistent for both viruses in all three cell
lines. Similar results were obtained with IFN-a2b, an allelic vari-
ant of IFN-a2 that is also in clinical use (data not shown). We
conclude that tumor cells responded differently to IFN-B and
-a2a; exogenous IFN-f3 was more protective than was IFN-a2a
when tumor cells were challenged with oncolytic VSV. Impor-
tantly, this was not the case for normal keratinocytes and endo-
thelial cells, which were protected equivalently by IFN-a2a and
IFN-B.

Role of IFN subtypes during persistent virus infection of
HNSCC cells. Further evidence for the importance of IFN-f ver-
sus IFN-a2a was obtained by analysis of HNSCC cells persistently
infected with M51R VSV. HNSCC cells that survived infection
with M51R VSV were continuously passaged, yielding a popula-
tion of persistently infected cells that were resistant to superinfec-
tion with VSV, as described previously for neural cells (52). The
evidence that the cells were persistently infected was the continu-
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FIG 4 Protective effect of exogenous IFNs on SCC-61, SQ-20B, and RKO cells infected with VSV. SCC61 (a), SQ20B (b), or RKO (c) cells were preincubated for
18 h with recombinant human IFN-a2a or IFN-8 (100 U/ml or 1,000 U/ml) and then infected with M51R VSV (left) or rwt VSV (middle) at the indicated MOls.
Viability was measured at 48 h. Results shown are the means = SD from 4 experiments per treatment. *, P < 0.05 for 100 U/ml IFN-f versus 100 U/ml IFN-a
and P < 0.05 for 1,000 U/mI IEN- versus 1,000 U/ml IFN-a, each determined by one-way ANOVA with Tukey’s posttest. Viral titers in supernatants (right) were
measured at 24 h by plaque assay. Two independent experiments for SCC61 and SQ20B and three independent experiments for RKO infected with M51R VSV

(circles) or rwt VSV (squares) are shown.

ous production of low levels of infectious virus (range, 10* to 10°
PFU/ml; data not shown) for multiple passages up to 95 and re-
sistance to superinfection with rwt and M51R viruses. The devel-
opment of resistance to superinfection as a function of continuous
passage of the three HNSCC lines is depicted in Fig. 5. With suc-
cessive passages, virtually all SQ20B and JSQ-3 tumor cells devel-
oped the capacity to survive upon reinfection with rwt and M51R
VSV. Similar results were obtained with SCC61, although resis-
tance to infection developed more slowly and the cells preserved a
degree of sensitivity to killing by rwt VSV, even after 95 passages.
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The role of IFN-a compared to that of IFN-f in the develop-
ment and maintenance of persistent infection was addressed by
treating persistently infected cells with neutralizing antibodies
against IFN-« or -3 or with exogenous IFN-a or -B. As shown in
Fig. 6, pretreatment of persistently infected SQ20B (PI-SQ20B)
with anti-IFN-3 but not anti-IFN-a decreased their ability to re-
sist superinfection with M51R VSV for each cell passage tested.
When the different passages of the M51R VSV-resistant PI-SQ20B
cells were analyzed together, pretreatment with anti-IFN-a did
not have a significant effect compared to no pretreatment,
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FIG 5 Tumor cells persistently infected with M51R VSV resist killing upon
superinfection with M51R or rwt VSV. Tumor cells that had established per-
sistent M51R VSV infections, generated as described in Materials and Meth-
ods, were reinfected at the indicated passage (p) number with M5IR or rwt
VSV at the indicated MOls. p0 indicates cells that were infected with VSV for
the first time (not persistently infected). At 48 h after reinfection, viability was
measured by MTT assay. Results are expressed as the percentage of cells, rela-
tive to the number of mock-infected cells, that survived reinfection. Data from
four (SQ20B) or three (JSQ-3 and SCC61) separate passages are shown.

whereas pretreatment with anti-IFN-f significantly decreased
survival from reinfection with M51R VSV compared to no pre-
treatment or with pretreatment with anti-IFN-« (P < 0.0001 for
both comparisons). Adding anti-IFN-a to the pretreatment in
combination with anti-IFN-$ did not significantly enhance its
effect. A similar effect was obtained in the more M51R-VSV-sus-
ceptible PI-SCC61 cells (data not shown).

The number of live, persistently infected SQ20B and JSQ-3
cells per well was measured over the course of 4 days after treat-
ment with neutralizing anti-IFEN antibodies (Fig. 6¢ and d). The
number of viable control cells incubated in the absence of anti-
body increased during the time course as the cells continued to
divide. Anti-IFN- treatment (triangles) led to a decline in viabil-
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ity of PI-SQ20B (Fig. 6¢) and PI-JSQ-3 (Fig. 6d) cells, whereas
treatment with anti-IFN-a had a nominal effect on survival of
PI-SQ20B cells and PI-JSQ-3 cells (squares). The slope over time
was different for the three conditions in both cell lines (P <
0.0001). The IFN-( treatment slope was significantly different
compared not only to the control but also to the IFN-« treatment
in both SQ20B and JSQ-3 cells (P < 0.0001 for all 4 comparisons).

The addition of high-dose IFN-f (1,000 U/ml) to the culture
media of PI-JSQ-3 cells led to the elimination of VSV after 11 to 22
passages as determined by serial plaque assay measurements on
culture media samples. The “cured” cells reverted to the original
phenotype with a susceptibility to infection and oncolysis by VSV
similar to that of the parental JSQ-3 cells (Fig. 6b). In contrast,
repeated addition of high-dose IFN-a did not cure the cells of VSV
infection. Therefore, in the persistent infection model, tumor cells
demonstrated differential responses to IFN-a and -3, similar to
results with cells undergoing primary infection with VSV; in the
case of persistent infection, IFN-3 but not IFN-a was an essential
regulator of PI status.

DISCUSSION

This study demonstrates that head and neck cancer cell carcinoma
(HNSCC) cells vary in their sensitivity to killing by VSV, and that
responsiveness to type I IFNs in part determines the level of sen-
sitivity. This is similar to results reported previously for HNSCC
and for other tumor cell types (13, 16, 30, 31, 53). The striking
result in the current study is that IFN-$ and -a did not equiva-
lently protect HNSCC cells from VSV-induced killing. In two sep-
arate experimental contexts, primary and persistent infection,
HNSCC cell lines were less well protected from VSV oncolysis by
IFN-a than by IFN-B. First, protection against M51R VSV-in-
duced killing was greater when tumor cells were pretreated with
IFN-B than when they were pretreated with equivalent doses of
IFN-a2a (Fig. 3 and 4). Second, neutralization of IFN-f but not
IFN-a led to death of cells during primary infection (Fig. 2b).
Third, we found that survival of tumor cells that were persistently
infected with M51R VSV depended on endogenously produced
IEN-f, but that this activity was not shared by IFN-a2a (Fig. 6).
Specifically, during persistent infection, neutralization of endog-
enously produced IFN-f3 led to uncontrolled virus replication and
cell death, while addition of exogenous, high-dose IFN-3 cured
the infection. The finding that IFN-a and - did not similarly
modulate the outcome of persistent infection of HNSCC cells with
VSV provides further support for the conclusion drawn from pri-
mary cell infections that IFN-induced protection of tumor cells
from oncolytic VSV is IFN subtype dependent. In vivo evidence
has been presented for VSV persistence as defined by detection of
infectious virus, viral genomic RNA, or viral antigen weeks or
months after resolution of acute infection (54-56). In theory, per-
sistent infection of tumor cells could potentiate oncolytic therapy
by providing a low-level, continuous source of infectious virus,
viral RNA, or viral protein for sustained oncolysis and/or activa-
tion of antitumor immune responses. However, the relevance of
persistent infection for the oncolytic activity of VSV in cancer
models remains to be determined.

The idea of combining oncolytic VSV with IFN treatment to
improve selectivity is enhanced by the finding that IFN-« is less
effective at protecting head and neck cancer cells from VSV onco-
lysis than is IFN-[3, while both IFNs protect normal cells equiva-
lently. It has been demonstrated in multiple systems that [FN-a
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anti-IFN-@ group, and the anti-IFN-a group survived in greater numbers than the anti-IFN-@ group (d).

and -B are not necessarily equivalent in their capacity to induce a
particular biological response despite the fact that they signal
through the same receptor (reviewed in reference 38). This is il-
lustrated by the substantially more effective induction of antipro-
liferative and immunoregulatory activities by IFN-f than by
IFN-a. For example, IFN-f inhibited the proliferation of fibro-
blasts and induced chemokine expression in epithelial cells with
50% effective concentrations (ECs,s) that were one to three orders
of magnitude lower than that of several IFN-a subtypes (38, 43).
In contrast, all type I IFNs share the ability to induce protective
antiviral responses at concentrations in the low-picomolar range
(38, 43). Nevertheless, individual IFN subtypes are not all equally
effective at inducing protection against a particular virus in a given
biological system. For example, vaccinia virus (VV) vaccine vec-
tors engineered to express IFN-[ were significantly attenuated for
replication in vitro and in vivo, while VV engineered to express
IFN-a4 replicated normally (57). Similarly, IFN-3 protected hu-
man fibroblasts from herpes simplex virus 1 (HSV-1) and HSV-2
infection more effectively than did 5 different IFN-a subtypes
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(58), and IFN-a6 was superior to IFN-B and 5 other IFN-a sub-
types for protection against influenza virus infection in vivo (59).
With regard to VSV, in in vitro studies in which IFNs were nor-
malized against a reference standard for equivalent units of bioac-
tivity, [FN-B, -a8, and -« 14 were more effective than other sub-
types at inducing an antiviral response in human fibroblasts and
epithelial cells (43, 60).

Numerous studies addressing the differential induction of bi-
ological activities by type I IFNs have led to a threshold model that
explains subtype-specific activities transduced through a shared
receptor (reviewed in reference 38). In this model, some biological
responses initiated by type I IFNs are high-threshold responses,
requiring high-affinity ligand/receptor binding, the formation of
stable IFN/IFNAR1/IFNAR2 ternary complexes, and sustained
signaling, while others are low-threshold responses that require
only low-affinity interactions, transient formation of ternary
complexes, and short-term signaling. In this model, the induction
of antiviral genes by type I IFN binding to IFNAR1/2 is a low-
threshold response that is shared by all type I IFN subtypes and is
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manifested in a variety of experimental systems by the demonstra-
tion of roughly equivalent abilities of IFN-« and -3 to protect
against virus infection at EC,,s in the picomolar range. This is in
contrast to the induction of anti-proliferative, apoptotic, and im-
munoregulatory genes, which are high-threshold responses. The
latter responses require higher concentrations of ligand and are
driven most effectively by IFN-3, which binds with higher affinity
to IFNAR than do any of the IFN-a subtypes, and induces more
sustained responses. When interpreted in light of the threshold
model, our results suggest that the threshold for transmission of
an antiviral signal by type I IEN is raised in some cancer cells
compared to the level in normal cells. Specifically, induction of an
antiviral response in cancer cells may require higher-affinity in-
teractions with IFNAR1/2 and the formation of more stable ter-
nary complexes than does the same response in normal cells. This
could explain the increased capacity of IEN-f3 to protect HNSCC
cells from VSV-induced oncolysis compared to that of IFN-a2a.

One possible mechanism by which the threshold for antiviral
activity can be raised in malignant cells is limiting receptor levels.
In human fibrosarcoma cells, IFN-a2a was more dependent on
IFNAR receptor levels for the induction of several biological re-
sponses than was IFN-f3 (49). In addition, cancer cell sensitivity to
the antiproliferative effects of type I IFNs was shown to be regu-
lated by receptor levels (61). Alternatively, an increased level of
activity of a negative regulatory factor, such as USP18, a receptor-
proximal inhibitor of type I IEN signaling (48), could dampen
IFN-a2-mediated responses in cancer cells. For example, USP18
was shown to exert greater inhibitory effects on IFN-a2 signaling
than on IFN-@ signaling in human amnion-derived WISH cells
due to the reduced affinity of IFN-« relative to that of IFN-3 for
the type I IEN receptor (48).

Similar to our previous findings and those of others (2, 6, 9,
18), M protein mutant VSV, which induces a robust IFN response
by normal cells (2, 62), showed selectivity for tumor cells. This
property was essentially lost with rwt VSV, presumably due to its
capacity to disable the host antiviral response (23). Our finding
that exogenous IFN-a preferentially protected normal cells over
HNSCC cells from the oncolytic effects of M51R VSV while IFN-3
effectively protected both normal and cancer cells implies that at
least in this system, I[FN-a is a better choice than IFN-{ as an agent
to further enhance selectivity of the virus for tumor cell killing.

The importance of type I IFNs as modulators of oncolytic ther-
apy with VSV was illustrated recently. In one study, VSV-resistant
prostate tumor cells became sensitive to infection and cytolysis in
vitro and in vivo after treatment with triptolide, a drug that was
shown to block type I IFN signaling at the transcriptional level
(53). In another study, treatment with specific JAK1/2 inhibitors
increased the susceptibility of head and neck cancer cells to VSV-
induced oncolysis (33). The current study provides a clinically
relevant example of differential IFN-induced bioactivity and illus-
trates the need for further study on the contribution of individual
IFN subtypes to tumor cell resistance to VSV and other oncolytic
viruses. We have not addressed the role of IFN-a subtypes other
than that of IFN-a2a (and the allelic variant IFN-a2b, which
yielded similar results; data not shown) in the current study. The
results reported here warrant a similar evaluation of other IFN-«
subtypes, as well as the consensus IFN-a (IFN-conl or CIEN),
which has significant antiviral activity against VSV (63, 64). This
information will facilitate the design of OV therapies with en-
hanced selectivity for tumor cells.
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