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Sendai virus (SeV), a murine paramyxovirus, has been used to study the induction of type I interferon (IFN) subtypes
in robust quantities. Few studies have measured whether the IFN that SeV induces actually fulfills its intended purpose
of interfering with virus-mediated effects in the cells in which it is produced. We determined the effects of IFN on
SeV-mediated cytopathic effects (CPE) and the ability of IFN to protect against virus infection. SeV-induced
biologically active IFN resulted in Jak/STAT activation and the production of a number of interferon-stimulated genes
(ISGs). However, these responses did not inhibit SeV replication or CPE. This observation was not due to SeV effects
on canonical IFN signaling. Furthermore, pretreating cells with type I IFN and establishing an antiviral state before
infection did not mediate SeV effects. Therefore, the induction of canonical IFN signaling pathways and ISGs does
not always confer protection against the IFN-inducing virus. Because type I IFNs are approved to treat various
infections, our findings suggest that typical markers of IFN activity may not be indicative of a protective antiviral
response and should not be used alone to determine whether an antiviral state against a particular virus is achieved.
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Introduction

Type I interferons (IFNs) are produced early upon
virus infection as a first line of defense. In humans, at

the protein level, type I IFNs consist of 12 different IFN-a
subtypes, IFN-b, IFN-e, IFN-k, and IFN-o. These IFNs
induce hundreds of interferon-stimulated genes (ISGs),
which inhibit various stages of virus replication as well as
enhance the host-response. It has been reported that distinct
type I IFN subtypes have differential capabilities to exert
their antiviral effects in a cell type and virus-specific manner
(Lavoie and others 2011; Sperber and others 1992).

Type I IFNs are induced upon stimulation of pattern rec-
ognition receptors (PRRs), including Toll-like receptors and
cytosolic receptors, with their cognate pathogen-associated
molecular patterns. Depending on which PRR is stimulated, a
series of signaling pathways are activated that eventually
converge upon the activation of various transcription factors,
including IFN regulatory factors (IRFs) 3 and/or 7 and NF-
kB. These activated transcription factors translocate into the
nucleus where they induce the transcription of early type I
IFN subtypes (Génin and others 2009). These subtypes are
then secreted and bind to the type I IFN receptor (IFNAR) on
cells in an autocrine and paracrine manner.

Receptor engagement with type I IFN leads to the phos-
phorylation and activation of the receptor-associated Janus
kinases Jak1 and Tyk2. These kinases phosphorylate the
receptor creating SH2 docking sites for STATs 1 and 2,
where they in turn become phosphorylated. The phosphor-
ylated STATs complex with IRF-9 to form the ISGF3
complex, which translocates into the nucleus and induces
the transcription of hundreds of ISGs that are the hallmark
of the antiviral response (Yoneyama and others 1996). The
transcription factor IRF-7 also becomes induced during this
phase of signaling and aids in the amplification of the IFN
response by inducing the transcription of additional type I
IFN subtypes (Marie and others 1998). This signaling oc-
curs in a positive feedback loop until negative regulators of
IFN signaling, for example, suppressors of cytokine sig-
naling, are activated to down regulate the response (Sato and
others 1998).

The murine paramyxovirus Sendai virus (SeV) has long
been considered an extremely potent inducer of type I IFNs
and was used in some of the pioneering studies that first
isolated type I IFNs from human leukocytes and lympho-
blastoid cells (Zoon and others 1978; Cantell and others
1981; Nyman and others 1998). Because of the large amounts
of IFN produced upon SeV infection, it could be assumed that
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IFN plays a role in creating an antiviral environment that
restricts SeV replication. However, there have been some
conflicting reports concerning SeV and the role it plays in the
IFN response.

Some groups have reported that the C protein encoded
by SeV functions by inhibiting STAT phosphorylation and
subsequent Jak/STAT signaling (Komatsu and others 2000;
Gotoh and others 2003; Kato and others 2004). In this case,
type I IFNs are induced but cannot signal, which may
suggest that the large amounts of type I IFNs produced
may be compensating for its restricted ability to signal.
However, others have reported that a subset of genes that
SeV induces are stimulated by type I IFN signaling
downstream of the IFNAR, as deletion of Jak1, one of the
Janus kinases associated with the IFNAR and necessary for
downstream signaling, inhibited the induction of these
genes (Elco and others 2005). This suggests that IFN sig-
naling leading to the induction of ISGs is intact during SeV
infection. Therefore, the effects of SeV-induced type I
IFNs are unclear.

In this report, we sought to determine whether the type I
IFN that is induced upon SeV infection played a role in
creating an antiviral environment that restricted virus repli-
cation and enhanced cell survival. We looked at 3 different
human cell lines, U937, a monocytoid line, A549, an epi-
thelial cell line, and Namalwa, a B cell lymphoblastoid line,
as well primary human monocytes. We found that SeV in-
fection leads to the induction of biologically active IFN that
was capable of signaling through the Jak/STAT pathway and
inducing a number of ISGs and their respective proteins,
indicating that viral proteins were not preventing their pro-
duction. However, these ISGs were unable to protect the cells
against SeV-induced cytopathic effects (CPE).

Pretreating the cells with type I IFNs was also unable to
confer protection against SeV infection, even though pro-
tection against vesicular stomatitis virus (VSV) and/or en-
cephalomyocarditis virus (EMCV) was apparent. Because
Jak/STAT signaling and several IFN-stimulated genes and
proteins were induced before virus infection, these results
further indicate that the inability of IFN to protect against
SeV infection was not due to a viral protein halting ca-
nonical IFN signaling. Taken together, these results indicate
that markers of IFN signaling, such as Jak/STAT activation
and the induction of ISGs and proteins, are not necessarily
indicative of a functional antiviral response against certain
viral infections. This could have major implications in de-
termining the efficacy of type I IFN therapy for viral in-
fections in the clinic.

Materials and Methods

Cell culture and reagents

U937, Namalwa, and A549 cell lines were obtained and
confirmed from American Type Culture Collection (ATCC,
Manasass, VA). These cell lines were maintained in RPMI
1640 + 10% fetal bovine serum (FBS) at 37�C, 5% CO2 and
passaged every 3–4 days when the cell concentration
reached about 1 · 106 cells/mL. Due to differences seen in
virus-mediated effects in cells passaged more than 6 times,
only cells within passage numbers 2 and 5 were used for
experiments. Elutriated primary monocytes from anony-
mous healthy volunteers were obtained from the Department

of Transfusion Medicine at the Clinical Center, National
Institutes of Health. Only cells that had a purity of >90%
were used for experiments. Monocytes were maintained in
RPMI 1640 media +10% FBS at a concentration of 5 · 105

cells/mL for the duration of the experiments.
Purified IFN-a subtypes and recombinant IFN-o were

obtained from PBL Laboratories (Piscataway, NJ). IFN-b
was obtained from Millipore (Temecula, CA). The neu-
tralizing antibody to one subunit of the IFN-lambda receptor
(IFNLR), human IL-10Rb, was purchased from R&D Sys-
tems (Minneapolis, MN) and used to neutralize type III IFN
subtypes. The IFNAR2 neutralizing antibody was produced by
Precision Antibody (Columbia, MD) and used to neutralize type
I IFN subtypes. Neutralizing antibody treatment of cells was
performed as previously described at a concentration of 1:100
(antibody:total cell culture volume) for all experiments (Zaritsky
and others 2015).

Viruses and infections

All infections were performed when the cells were be-
tween passages 2 and 5. Three independent biological rep-
licates were performed for each infection.

Sendai virus. SeV Cantell strain was obtained from Charles
River Laboratories (Frederick, MD) at a stock concentration of
4,000 hemagglutination units/mL (HA U/mL). Suspension
cells (U937, Namalwa, and primary monocytes) were plated at
5 · 105 cells/mL just before infection. Adherent cells (A549)
were plated at 5 · 105 cells/mL 4 h before infection to allow
time for the cells to adhere. One hundred fifty HA unit/milliliter
were used to infect cells in normal culture media, which equated
to a multiplicity of infection (MOI) of 5, unless otherwise in-
dicated. After 1 h, the virus was washed off with 1· phosphate-
buffered saline (PBS) pH 7.4 and the media were changed to
RPMI 1640 +10% FBS.

The supernatants were sampled at the indicated time
points and virus levels were quantitated using the HA assay.
Briefly, 2-fold dilutions of the supernatants in 50 mL were
made across a 96-well plate, and 50mL of a solution of 0.5%
chicken red blood cells (Fitzgerald, Acton, MD) were added.
The plate was incubated at room temperature for about
60 min and the wells were assessed as either positive or
negative for hemagglutinin activity. The virus titer was the
reciprocal of the dilution in which HA occurred.

VSV and EMCV. VSV Indiana strain and EMCV (ATCC)
were grown in Vero cells and titered via the plaque assay.
The Vero cell supernatants were used to infect cells in RPMI
1640 +10% FBS. The supernatants from the virus-infected
cells were sampled at the indicated time points, and virus
levels were quantitated via TCID50 assay. Briefly, Vero cells
were plated in 96-well plates at a concentration of 3 · 105

cells/well (100 mL). After 4 h, 10 mL of the virus-infected
cell supernatants were added to the first row of wells and
then 10-fold serial dilutions were made down the plate.
After 72 h, the cells were stained with crystal violet (Sigma,
St. Louis, MO) to assess viability.

Antiviral assays

The supernatants from the various viral infections were
incubated with 0.05% b-propiolactone (Sigma) for 16 h at
4�C to inactivate any virus that was present (Barrett and
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others 1984). The following day, the treated supernatants
were incubated at 37�C for 2 h to inactivate the chemical.
Controls were run to ensure that the b-propiolactone treat-
ment did not affect cell viability or interfere with the anti-
viral activity of IFNs (Zaritsky and others 2015).

U937 and A549 cells were plated in 96-well plates at a
concentration of 3 · 104 cells/well (100mL). After 4 h, cells
were pretreated with 10 mL of the virus-inactivated super-
natants or the indicated amount of purified IFN (PBL Assay
Science, Piscataway, NJ) for 16–24 h at 37�C. The cells
were then infected with either VSV or EMCV for 72 h, at
which time cell viability was measured via crystal violet
staining for adherent cells or the MTT assay for suspension
cells. Briefly, MTT was dissolved in sterile 1· PBS pH 7.4
at a concentration of 5mg/mL. Ten microliters of the MTT
solution was added to each well, and the plates were incu-
bated at 37�C for 4 h. The precipitate that formed was dis-
solved in 150 mL of acidified isopropanol, which was a
stock consisting of 100 mL isopropanol + 660mL concen-
trated HCl. The absorbance was then measured for both
suspension and adherent cells at 570 nm using a Hidex
Sense plate reader.

RNA isolation

At the indicated time points, the suspension cells (U937,
Namalwa and primary monocytes) were pelleted by spin-
ning at 1,000 rpm using a Beckman Coulter centrifuge at
4�C, washed 1· with PBS pH 7.4 and then resuspended in
350 mL of RLT lysis buffer from the Qiagen RNeasy plus
mini kit (Qiagen, Germantown, MD). For adherent cells
(A549), 350 mL of RLT buffer was added directly to the
washed well and then transferred to a tube. RNA was iso-
lated as per the manufacturer’s instructions. The isolated
RNA was quantified using the Nanodrop 1000 and then
stored at -80�C until further use.

cDNA synthesis

A stock of cDNA was made using 1.5mg of starting RNA.
The RNA was reverse transcribed using the superscript III
reverse transcriptase kit as per the manufacturer’s instructions
(Thermo Fisher, Waltham, MA). After reverse transcription,
the cDNA was diluted to a concentration of 50 ng/10mL in
water. The cDNA was stored at -20�C until further use.

FIG. 1. Multiple cell types produce biologically active type I IFNs upon SeV infection. (A) Supernatants from primary
monocytes that were either UI or infected with SeV (150 HA U/mL) for 24 h were treated with b-propiolactone to inactivate
the virus and then used to pretreat fresh U937 cells for 24 h. The U937 cells were then infected with VSV for 72 h and cell
viability was measured via MTT assay. Cell viability is shown as the % of cell control. Cell control: UI, untreated. Virus
control: VSV infected, untreated. Supernatants from UI or SeV infected (B) U937, (C) Namalwa, or (D) A549 cells for 16 h
were treated with b-propiolactone to inactive the virus and then used to pretreat fresh U937 cells for 24 h. The U937 cells
were then infected with EMCV for 72 h and cell viability was measured via MTT assay. Cell viability is shown as the % of
cell control. Cell control: UI, untreated. Virus control: EMCV infected, untreated. Data shown are from 3 independent
biological replicates. (E) U937 cells were pretreated with IFN-b (100 U/mL) or supernatants from U937 cells treated with b-
propiolactone-inactivated SeV (150 HA U/mL) for 24 h. The U937 cells were then infected with EMCV for 72 h and cell
viability was measured via MTT assay. Cell control: UI, untreated. Virus control: EMCV infected, untreated, IFNB ptx:
pretreated with IFN-b; SeV/Bprop ptxt: treated with inactivated SeV by b-propiolactone. SeV, Sendai virus; IFN, inter-
feron; UI, uninfected; HA, hemagglutination; VSV, vesicular stomatitis virus; EMCV, encephalomyocarditis virus.
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Quantitative polymerase chain reaction

A total of 10mL of the cDNA stock (50 ng of starting
RNA) was used for each quantitative polymerase chain re-
action (qPCR) reaction. The cDNA was mixed with 10 mL of
SensiFAST probe No-Rox TaqMan reaction mix (Bioline,
Taunton, MA), 0.075mL of forward and reverse primers
(100 mM), and 0.025 mL of TaqMan probe (100mM) in 96-
well plates and then run according to the following protocol:
95�C for 5 min for polymerase activation, and then 40 cycles of
denaturation at 95�C for 10 s followed by annealing/extension
at 60�C for 50 s. For each reaction, the gene Hypoxanthine-
guanine phosphoribosyltransferase (HPRT) was multiplexed
with the genes of interest as an internal housekeeping control.
Reactions were run on a CFX96 thermocycler (Bio-Rad, Her-
cules, CA) and analyzed using the CFX Manager software
version 2.1 (Bio-Rad). All qPCR data are expressed as the %
relative expression of HPRT.

Primer and probe sequences (5¢-3¢):
IFIT3: F- CACTGTCTTCCTTGAATAAGTTCC, R- AA

GGAACAAATCAGCCTGGTCA, probe-56-FAM/CTGCCC
TCT/ZEN/GTGTCTCTGGCTGTT; ISG15: F- CGAACTC
ATCTTTGCCAGTACA, R- GCCTTCAGCTCTGACACC,
probe- 5HEX/CACCTGGAA/ZEN/TTCGTTGCCCGC; Mx1:
F- CCACCCATATTTCAGGGATCTG, R- TCTGGTGAGT
CTCCTTGATTTG, probe- TGTGTGATGAGCTCGCTGG
TAAGTTT; IRF-7: F- TCCCCACGCTATACCATCTAC, R-
GAAGACACACCCTCACGC, probe- TTCCAGCTTCACC
AGGACCAGG; HPRT: F- GTATTCATTATAGTCAAGGG
CATATCC, R- AGATGGTCAAGGTCGCAAG, probe- TG
GTGAAAAGGACCCCACGAAGT.

Whole cell protein lysates

At the indicated time points, the cells were pelleted by
spinning at 1,000 rpm using a Beckman Coulter Allegra X-
15R centrifuge at 4�C for 5 min. The pellet was resuspended
in 200 mL of radioimmunoprecipitation assay (RIPA) buffer
[0.25% sodium deoxycholate, 0.1% sodium dodecyl chlo-
ride, 25 mM Tris (pH 7.4), 150 mM sodium chloride, 1 mM
ethylenediaminetetraaceticacid (EDTA), and 1% NP40] with
a 1:100 dilution of Halt protease and phosphatase inhibitors
(Sigma). The samples were then sonicated for 5 s at an am-
plitude of 21% using a Vibra cell sonicator (Sonics, New-
town, CT) and then incubated on ice for 30 min. The lysates
were spun at 14,000 rpm at 4�C for 20 min and quantitated
using the BCA protein assay (Pierce, Waltham, MA) ac-
cording to the manufacturer’s instructions. Ten micrograms
aliquots were stored at -80�C until further use.

Nuclear and cytoplasmic protein lysate preparation

The cells were harvested at the indicated time points and
pelleted by spinning at 1,000 rpm at 4�C using a Beckman
Coulter Allegra X-15R centrifuge. The supernatants were
removed, and the pellets were washed 1· with PBS pH 7.4
at 4�C. The cells were then resuspended in 400 mL of the
cytoplasmic buffer [10 mM HEPES pH 7.9, 1.5 mM MgCl2,
10 mM KCl, 0.5 mM dithiothreitol (DTT), and 0.05% NP40]
with Halt protease and phosphatase inhibitors (Pierce) added
just before use (1:100 for each). The lysates were incubated
on ice for 15 min, and then spun at 12,000 rpm in a Beckman
Coulter Microfuge 22R microcentrifuge at 4�C for 5 min.

The supernatants, which contained the cytoplasmic frac-
tions, were transferred to a different tube, and the nuclear
pellets were washed once with PBS pH 7.4. The nuclear
pellets were lysed in 100mL of the nuclear lysis buffer [5 mM
HEPES pH 7.9, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM
DTT, 26% glycerol (v/v), and 300 mM NaCl] with Halt
protease and phosphatase inhibitors (Pierce) added just be-
fore use. The nuclear lysates were sonicated for 5 s at an
amplitude of 21%, incubated on ice for 30 min, and were spun
at 12,000 rpm at 4�C. The supernatants, which contained the
cleared nuclear lysates, were transferred to a different tube.
Both the nuclear and cytoplasmic lysates were quantitated
using the BCA protein assay (Pierce) according to the man-
ufacturer’s protocol and 10 ug aliquots were stored at -80�C
until further use.

Western blot analysis

Ten micrograms aliquots of the protein lysates were used
for western blot analysis. To each aliquot, 1 mL of reducing
agent (Invitrogen, San Diego, CA) and the appropriate
amount of 4· loading dye (Invitrogen) were added. The
samples were then boiled for 5 min and loaded onto 10%
bis-tris mini gels (Invitrogen). The gels were run at 200 V
for 55 min and then transferred onto nitrocellulose mem-
branes via the iBlot apparatus (Invitrogen) according to the
manufacturer’s protocol.

The membrane was then blocked in 5% milk in tris-
buffered saline (pH 7.4) with 0.1% tween 20 (TBST) for 1 h
at room temperature. The blots were then incubated over-
night at 4�C in primary antibody that was diluted in 5% milk
in TBST. The next morning, the blots were washed 3· for
10 min in TBST and then incubated in a horseradish
peroxidase-conjugated secondary antibody of the appropri-
ate isotype (Santa Cruz, Dallas, TX) diluted 1:5,000 in 5%
milk in TBST for 1 h. The membranes were washed 3· for
10 min in TBST and then developed using the SuperSignal
West Femto Maximum Sensitivity Substrate (Pierce). Che-
miluminescence was visualized using the Fujifilm LAS-
3000 camera.

Antibodies and dilutions

The following antibodies and dilutions were used for the
western blot analyses:

Monoclonal rabbit anti-pIRF-3(S386; Abcam, Cambridge,
MA): 1:5,000; monoclonal anti-IRF-3 (Cell Signaling Tech-
nologies, Danvers, MA): 1:1,000; polyclonal rabbit anti-IRF-7
(Santa Cruz Biotechnologies, Dallas, TX): 1:1,000; polyclonal
rabbit anti-STAT1 (Santa Cruz Biotechnologies): 1:1,000;
monoclonal mouse anti-pSTAT1(Y701; BD Transduction
Laboratories, San Jose, CA): 1:5,000; polyclonal rabbit anti-
STAT2 (Santa Cruz Biotechnologies): 1:1,000; polyclonal
rabbit anti-pSTAT2(Y689; End Millipore, Billerica, MA):
1:2,000; monoclonal mouse anti-IRF-9(ISGF3g; BD Trans-
duction Laboratories): 1:1,000; monoclonal mouse anti-Actin
(Cell Signaling Technologies): 1:5,000; polyclonal rabbit anti-
b tubulin (Cell Signaling Technologies): 1:2,000; mouse
monoclonal RNA polymerase II (Santa Cruz Biotechnologies):
1:1,000; rabbit polyclonal IFIT3 (Covance, Inc., Denver,
PA) 1:1,000; rabbit polyclonal ISG15: 1:1,000 (Santa Cruz
Biotechnologies); mouse polyclonal Mx1: 1:1,000 (Abnova,
Taipei, Taiwan).
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Results

SeV induces biologically active type I IFN in human
cell lines and primary monocytes

We first determined whether SeV infection induced the
production of biologically active IFN in different human cell
types, including primary monocytes and the following 3
cell lines: U937, a monocytoid cell line, A549, an epithelial
cell line, and Namalwa, a B lymphoblastoid line. These cell
types were used to determine whether the ability of SeV to
induce type I IFNs was cell type dependent.

The cells were infected with SeV (150 HA U/mL corre-
sponding to a MOI of 5) for either 16 or 24 h and then the
supernatants were harvested. The virus that was present in
the supernatants was inactivated using b-propiolactone
(Barrett and others 1984), and then the supernatants were
used to pretreat fresh cells for 24 h. These cells were then
infected with EMCV or VSV for 72 h, and the ability of the
supernatants to protect against EMCV/VSV-mediated CPE
was assessed via an MTT assay for cell viability.

For all cell types, we found that supernatants from the
SeV-infected but not uninfected cells were able to protect
against EMCV/VSV-mediated CPE, indicating the presence
of type I IFNs (Fig. 1A–D). Similar results were obtained
when all cells were infected with 15 HA U/mL of SeV (MOI
0.5) (data not shown), indicating that even low levels of SeV
can induce biologically active IFN. Supernatants from cells
treated with inactivated SeV by b-propiolactone were not
protective against VSV/EMCV-mediated CPE, indicating
that the inactivated SeV did not induce IFN in the cells during
the antiviral assay (Fig. 1E).

SeV-induced type I IFN activates Jak/STAT
signaling and ISG induction

Because many viruses have evolved to interfere with the
innate immune response and several studies have reported
that SeV viral proteins are able to interfere with IFN sig-
naling (Komatsu and others 2000; Gotoh and others 2003;
Kato and others 2004), we assessed the regulation of IRF

FIG. 2. SeV-induced IFN production activates Jak/STAT signaling and ISG induction. (A) U937 cells were infected with
SeV (150 HA U/mL) for 4, 8, 16, and 24 h. Nuclear and cytoplasmic protein extracts were prepared and western blots
probing for pIRF-3(S386), IRF-3, IRF-7, and IRF-9 were performed. RNA pol II and b-tubulin were the nuclear and
cytoplasmic loading controls, respectively. N, nuclear, C, cytoplasmic. (B) U937 cells were infected with SeV (150 HA U/
mL) for 4, 8, 16, and 24 h and whole cell protein lysates were prepared. Western blots probing for pSTAT1(Y701),
STAT1(total), pSTAT2(Y689), STAT2(total), ISG15, and IFIT3, and tubulin as the loading control were performed. (C)
A549 cells were infected with SeV (150 HA U/mL) for 4, 8, 16, and 24 h and whole protein lysates were prepared. Western
blots probing for pSTAT1(Y701), STAT1(total), pSTAT2(Y689), STAT2(total), IRF-9, IRF-7, and Mx1, and tubulin as the
loading control were performed. (D) ISG15 and IFIT3 mRNA expression in U937 cells infected with SeV (150 HA U/mL)
for 4, 8, 16, and 24 h. (E) IRF-7 and Mx1 mRNA expression in A549 cells infected with SeV (150 HA U/mL) for 4, 8, 16,
and 24 h. IRF-7 and Mx1 mRNA induction in (F) primary monocytes and (G) Namalwa cells infected with SeV (150 HA U/
mL) for 24 h. All gene induction data are expressed as the % of relative HPRT expression. All data are representative of 3
independent biological replicates. UI, uninfected, untreated. IRF, IFN regulatory factor; ISG, interferon-stimulated gene;
HPRT, hypoxanthine-guanine phosphoribosyltransferase.
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proteins that are involved in type I IFN induction and if the
SeV-induced type I IFNs were able to signal through the
IFNAR to activate an antiviral response during virus in-
fection. Cells were infected with SeV for 4, 8, 16, and 24 h,
and protein and RNA were harvested to measure levels of
IRFs, Jak/STAT signaling modulators, and IFN induced
genes and proteins.

We measured the expression of phosphorylated and total
IRF-3, which has been shown to induce early type I IFN
subtypes in response to virus infection (Génin and others
2009), and several signaling proteins that are activated upon
Jak/STAT signaling downstream of the IFNAR, including
pSTAT1(Y701), pSTAT2(Y689), IRF-9 and IRF-7. In U937
cells, we found that SeV infection led to the phosphoryla-
tion and nuclear translocation of IRF-3 at 4 h postinfection
(pi) and the induction and nuclear accumulation of IRF-9 at
8 h and IRF-7 at 16 h pi (Fig. 2A). Nuclear IRF-7 appears to
be at a slightly lower molecular weight than the form found in
the cytoplasm, most likely due to the protein modifications
that occur to enable nuclear trafficking.

We also found that SeV infection led to the phosphory-
lation of both STATs 1 and 2, with increased STAT2
phosphorylation at 4 h followed by increased STAT1 phos-
phorylation at 8 and 16 h pi (Fig. 2B). Phosphorylation and
expression levels of STAT2 decreased at 24 h pi. However,
this decrease in STAT2 expression at 24 h was also observed
when U937 cells were infected with EMCV and VSV (data
not shown). Namalwa cells, on the other hand, expressed
pSTAT2 and STAT2 at 24 h pi with SeV, EMCV, and VSV
(data not shown), indicating STAT phosphorylation and ex-
pression levels in response to virus infection may be cell type
dependent. In A549 cells, SeV infection led to phosphoryla-

tion of STATs 1 and 2 along with induction of STATs 1 and
2, IRF-9, and IRF-7 (Fig. 2C). Together, these data indicate
that Jak/STAT signaling downstream of IFNAR was acti-
vated by SeV-induced type I IFNs.

RNA and protein ISG induction was also detected upon
SeV infection. In U937 cells, IFIT3 and ISG15 protein was
upregulated at 8 h pi (Fig. 2B) and RNA was upregulated at
all time points tested (Fig. 2D). Increased expression of Mx1
and IRF-7 was detected in U937 cells (data not known)
(Zaritsky and others 2015) and in A549 cells at 8 h pi with
SeV (Fig. 2C, E). We also detected the induction of Mx1
and IRF-7 in primary monocytes along with Namalwa cells
that were infected with SeV for 24 h, indicating functional
IFN signaling in these cell types (Fig. 2F, G). These results
demonstrate that SeV infection is able to activate Jak/STAT
signaling and induce several antiviral ISGs and proteins.

SeV-induced IFNs and type I IFN subtypes
are unable to protect against SeV infection

Because SeV was able to activate the canonical IFN signaling
pathway, induce ISGs, and produce biologically active IFN in
the cell types tested, we sought to determine whether this IFN
was functional in protecting cells against the infecting virus,
SeV. We first pretreated cells with b-propiolactone-treated su-
pernatants from the 4 SeV-infected cell types (U937, A549,
Namalwa, and primary monocytes infected with 150 HA U/mL
of SeV) to prime the fresh cells with the specific IFNs that SeV
induces. After 24 h of pretreatment, the cells were infected with
SeV for 72 h (150 HA U/mL), and then cell viability was mea-
sured to determine whether inducing the IFN response before
SeV infection could protect against SeV-mediated CPE.

FIG. 3. Type I IFNs induced
by SeV do not protect against
SeV-induced CPE. (A) Super-
natants from primary mono-
cytes that were either UI or
infected with SeV (150 HA U/
mL) for 24 h were treated with
b-propiolactone to inactivate
the virus and then used to pre-
treat fresh U937 cells for 24 h.
The U937 cells were then in-
fected with SeV (150 HA U/
mL) for 72 h and cell viability
was measured via MTT assay.
Results are shown as the % of
cell control. Supernatants from
(B) U937, (C) Namalwa, or (D)
A549 cells that were UI or in-
fected with SeV for 16 h were
treated with b-propiolactone to
inactive the virus and then used
to pretreat fresh U937 cells for
24 h. The cells were then in-
fected with SeV (150 HA U/
mL) for 72 h and cell viability
was measured via MTT assay.
Results are shown as the % of
cell control and are representa-
tive of 3 independent biologi-
cal replicates. CPE, cytopathic
effects.
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We found that none of the supernatants from any of the
cells types were able to protect against SeV-mediated CPE
(Fig. 3A–D), which is in contrast to our results in Fig. 1,
where we found that these same supernatants were able to
protect against VSV and/or EMCV-mediated CPE. These
results indicate that SeV-induced biologically active IFN
that was able to activate the canonical IFN pathway and
ISGs was unable to protect against the very virus that is
responsible for its induction, even when that antiviral re-
sponse is initiated before infection. These results also sug-
gest that the inability of IFN signaling to protect against
SeV is not due to viral proteins blocking Jak/STAT sig-
naling, since inducing the IFN-mediated antiviral response
before virus infection did not result in protection.

These observations were recapitulated when U937, A549,
and Namalwa cells were pretreated with purified type I IFN
subtypes before infection. U937 and A549 cells were pre-

treated with serial dilutions of purified type I IFN subtypes
for 24 h and were then challenged for 72 h with EMCV
(MOI 0.5) or SeV (150 or 1.5 HA U/mL corresponding to
MOIs of 5 and 0.05). We found that type I IFN subtype
pretreatment was able to protect cells against EMCV-
mediated CPE in a dose-dependent manner (Fig. 4A, B).
Cells that were pretreated with IFN and challenged with
SeV, however, were not protected against SeV-mediated
CPE at either MOI (Fig. 4A, B). Shown are results from
pretreatment with purified IFN-a10, but similar results were
seen with pretreatment with all IFN-a subtypes, IFN-b, and
IFN-o (data not shown).

Protection against VSV-mediated CPE, but not SeV, was
also seen in Namalwa cells pretreated with 100 U/mL type I
IFN subtypes (Fig. 4C). It should be noted that 10,000 U/mL
of the IFN subtypes were used to pretreat the cell types,
which were still unable to protect against SeV-mediated

FIG. 4. Type I IFN pretreatment does not inhibit SeV-induced CPE. (A) U937 and (B) A549 cells were pretreated with
serial dilutions of IFN-a10 (ranging from 0.78 to 50 U/mL) for 24 h and then UI or infected with either EMCV (MOI 0.5) or
SeV (150 or 1.5 HA U/mL) for 72 h. Cell viability was measured via MTT assay (U397) or crystal violet staining (A549).
CC: untreated, UI; VC: untreated virus infected. (C) Namalwa cells were pretreated with 100 U/mL of all 12 IFN-a subtypes
for 24 h and then infected with either VSV (MOI 0.5) or SeV (150 HA U/mL) for 72 h. Cell viability was measured via MTT
assay. Results show cell viability as % of cell control. Cell Control: UI, untreated; virus control: virus infected, untreated.
MOI, multiplicity of infection.
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CPE (data not shown). Interestingly, IFN pretreatment and
SeV infection (150 HA U/mL) of U937 cells led to de-
creased cell viability compared to the untreated SeV-
infected virus control cells (Fig. 4A). Together, the data
show that IFN pretreated cells that were challenged with
SeV result in the same as or even more cell death than the
untreated SeV-infected cells, indicating type I IFNs do not
protect cells from SeV infection and may contribute to SeV-
mediated CPE in certain cell types.

Blocking IFNAR signaling during SeV infection
in untreated or IFN pretreated cells has
no effect on SeV-induced CPE

We next determined whether IFNAR signaling, which led
to the IFN-induced response that was activated upon SeV
infection, served a functional purpose in protecting cells
against virus-induced CPE. To test this, U937 and A549
cells were infected with SeV (150 HA U/mL) in the pres-
ence or absence of a blocking antibody to IFNAR2. This
antibody successfully inhibits phosphorylation of STA-
T1(Y701) following treatment with 1000 U/mL of IFN-a2a,
IFN-b, and IFN-o (Fig. 5A).

We found that in both cell types, blocking IFNAR2 sig-
naling during SeV infection did not affect cell viability
(Fig. 5B). Similar results were obtained in cells infected
with 15 and 1.5 HA U/mL (data not shown). These results
indicate that although SeV induces an antiviral response
through the Jak/STAT pathway, blocking this pathway
during infection has no protective effect on cell viability.

As previously described in Figs. 3 and 4, the IFN-induced
antiviral response that was initiated before SeV infection
was also unable to provide protection against SeV-induced
CPE; therefore, we blocked the type I and type III IFN
receptors before the antiviral assays to determine whether
canonical IFN signaling had any effect on cell viability.
IFNAR and IFNLR neutralizing antibodies were used to
treat fresh cells 1 h before 24 h pretreatment with virus-
inactivated supernatants from cells infected with SeV (150
HA U/mL). Cells were then challenged with EMCV or SeV
for 72 h and cell viability was assessed via the MTT assay
(U937) or crystal violet staining (A549).

Blocking the IFNLR did not affect viability in either cell
type that was challenged with EMCV, but protection was
lost when the IFNAR2 was blocked (Fig. 5C, D). Lack of
protection following IFNAR2 neutralization demonstrates
that cells infected with SeV primarily induce biologically

FIG. 5. Inhibiting canonical type I IFN signaling during SeV infection does not affect SeV-mediated CPE. (A) U937 cells
were treated with 1000 U/mL of IFN-a2a, IFN-b, or IFN-o for 1 h in the presence or absence of the IFNAR2 neutralizing
antibody. Western blot analysis was performed to detect phosphorylated STAT1(Y701) and tubulin was used as the loading
control. UT: untreated; NA: cells treated with IFNAR2 neutralizing antibody alone; a2a: IFN-a2a treated; a2a + NA: cells
treated with both antibody and IFN-a2a; b: IFN-b treated; b + NA: cells treated with both antibody and IFN-b; o: IFN-o
treated; and o + NA: cells treated with both antibody and IFN-o. (B) U937 ( panel 1) and A549 cells ( panel 2) were infected
with SeV (150 HA U/mL) in the presence or absence of IFNAR2 neutralizing antibody. Cell viability was measured 72 h pi.
Data are representative of 3 independent biological replicates. Supernatants from cells infected with SeV (150 HA U/mL)
for 16 h were inactivated (b-propiolactone) and used to pretreat fresh (C) U937 and (D) A549 cells for 24 h in the presence
or absence of the IFNAR or IFNLR neutralizing antibodies. The U937 cells were then infected with either EMCV or SeV
(150 HA U/mL) for 72 h and cell viability was measured via MTT assay (U937) or crystal violet assay (A549). Results are
shown as the % of cell control. SeV150: virus-inactivated supernatant from SeV-infected cells (150 HA U/mL);
SeV150 + IFNAR2 NA: treated with virus-inactivated supernatant from SeV-infected cells (150 HA U/mL) in the presence
of IFNAR2-neutralizing antibody; SeV150 + IFNLR NA: treated with virus-inactivated supernatant from SeV-infected cells
(150 HA U/mL) in the presence of IFNLR-neutralizing antibody. IFNAR, IFN receptor; IFNLR, IFN-lambda receptor.

IFN RESPONSE NOT ALWAYS PROTECTIVE 659



active type I IFN rather than type III IFN during SeV in-
fection and that type I IFN is responsible for protection
against EMCV-mediated CPE. In addition, blocking type I
and III canonical signaling pathways in A549 cells that are
pretreated and challenged with SeV (MOI 5) does not affect
viability, although U937 cells still exhibit increased CPE
(Fig. 5C, D). It is clear that type I IFN pretreatment before
SeV infection causes decreased U937 cell viability, but
these IFNs do not signal canonically through IFNAR2 to
affect CPE.

Type I IFNs affect SeV replication
in a cell type-dependent manner

Because the IFN-induced antiviral response that is acti-
vated by SeV infection is not functional in protecting against
CPE, we determined whether the IFN-induced antiviral state
was functional in restricting virus replication. SeV virus
production was measured in U937 and A549 cells treated
with and without the IFNAR2 neutralizing antibody via HA
assays with the supernatants of SeV-infected cells (150 HA
U/mL). The U937 and A549 cell supernatants were sampled
after SeV-induced CPE was observed (24 and 72 h pi,
respectively). We found that blocking IFNAR2 signaling
slightly increased SeV production in A549 cells (Fig. 6A).
Even though SeV induces an antiviral response through the
Jak/STAT pathway, blocking this pathway in U937 cells had
no effect on virus production during infection (Fig. 6A).

It was possible that the inability of the IFN-induced state to
protect against SeV replication was due to the virus repli-
cating more rapidly than the antiviral response was occurring;

in other words, the IFN response was too far behind virus
replication to have an observable effect. To determine whe-
ther this was the case, we pretreated U937 cells with type I
IFNs before infection and assessed SeV production by a HA
assay.

We found that pretreatment did not reduce SeV produc-
tion by 24 h pi and, interestingly, there was a half log in-
crease in virus production in U937 cells that were pretreated
with type I IFN subtypes 24 h before infection (Fig. 6B).
Shown are results from cells infected with 150 HA U/mL;
similar results were obtained in cells infected with 15 HA U/
mL (data not shown). These results indicate that while SeV
is a potent inducer of type I IFNs, these IFNs are not only
unable to protect against SeV-mediated CPE in all cell types
tested, but IFN pretreatment leads to increased CPE and
SeV production in U937 cells.

The inability of IFNs to protect against SeV infection
is independent of virus concentration

To examine whether the MOI of SeV infection was im-
portant in determining the effects of IFN, we repeated the
IFN pretreatment experiments with serial dilutions of SeV in
IFN treated and untreated cells. We found that even re-
ducing the amount of SeV by 4-logs did not change the
inability of IFN to protect against SeV-mediated CPE. In
addition, the amount of infecting SeV did not alter the de-
crease in U937 cell viability observed following pretreat-
ment with 100 U/mL type I IFN pretreatment and SeV
infection (Fig. 7A). Results are shown for pretreatment with
IFN-a1, but treatment with all subtypes had comparable

FIG. 6. The effect of IF-
NAR signaling on SeV pro-
duction is cell type dependent.
(A) SeV virus levels were
measured via hemagglutina-
tion assay in U937 cells ( panel
1) and A549 cells ( panel 2) at
24 and 72 h pi with SeV (150
HA U/mL), respectively. The
data are expressed as HA U/
mL. Two biological replicates
were performed and resulted in
the same titer. (B) U937 cells
were pretreated with all 12
IFN-a subtypes, IFN-b or IFN-
o (100 U/mL) for 24 h. Cells
were then infected with SeV
(150 HA U/mL) for 24 h. He-
magglutination assay was per-
formed to measure SeV virus
production in the cell superna-
tants. Data are expressed as HA
U/mL. UT: untreated, virus
infected cell supernatant. pi,
postinfection.

660 BEDSAUL, ZARITSKY, AND ZOON



results (data not shown). Since IFN pretreatment and in-
fection with 1.5 HA U/mL SeV did not result in increased
CPE in U937 cells in Fig. 4A, it is likely that higher con-
centrations of IFN are needed before SeV infection to cause
the increase in virus-induced CPE.

To ensure that nothing present in the virus preparation
was responsible for the cell death that resulted upon infec-
tion, we inactivated SeV in our preparation via treatment
with b-propiolactone and then treated the cells for 72 h with
the inactivated virus. We found that upon infection with
SeV that was not inactivated, about 20% of the cells were
viable; however, treating cells with the inactivated virus
resulted in no change in viability compared to the untreated,
uninfected cell control (Fig. 7B). These results indicate that
active virus replication is necessary to cause CPE rather than
a component in the virus preparation.

Discussion

The results from this study indicate that the ability of a
cell to induce type I IFNs and antiviral genes and their

respective proteins upon virus infection does not always
result in protection against virus replication and CPE. In the
case of SeV infection, it is unclear exactly what role the
induced IFN is playing, as neither blocking IFNAR2 sig-
naling in infected cells nor pretreating cells with IFN to
prime an antiviral response resulted in any protective effect
against SeV.

Interestingly, we discovered that IFN pretreatment of the
monocytoid cell line, U937, followed by SeV infection leads
to increased CPE compared to cells that were untreated and
infected with SeV. Blocking canonical type I and type III
IFN signaling before IFN pretreatment and SeV infection
still resulted in decreased cell viability, indicating an alter-
native IFN binding site or mechanism by which IFN may be
enhancing CPE in cells that are infected with SeV.

A number of studies provide evidence and suggest that
IFN-a may interact with receptors other than the IFNAR.
For example, Uddin and others (1995, 1997) have shown
that both insulin and IFN-a can induce tyrosine phosphor-
ylation of the insulin receptor substrate-1 (IRS-1), which can
affect cell survival, growth, and metabolism (Franceschini
and others 2011; Oka and others 2011). It is important to
note that the IRS-pathway is independent of the STAT1-
pathway (Uddin and others 1997), which could explain why
IFNAR2 neutralization might not affect IRS signaling. Mi-
croarray results from U937 cells that were infected with SeV
show an upregulation of signaling pathways related to in-
sulin and diabetes at 24 h pi (GEO accession number
GSE67198), which provides more evidence of noncanonical
IFN signaling that could involve the insulin receptor and/or
the IRS pathway.

Other IFN signaling mechanisms may be occurring to in-
duce the increased CPE we observed following IFN pre-
treatment and SeV infection. Hu and others (1993) have
suggested multiple IFN binding sites while determining the
sensitivity of U937 cells to the antiproliferative effects of
IFN-a. A direct correlation was found between the anti-
proliferative effects and binding affinities of certain IFN-a
components. IFN-a component o, however, was shown to
have a low binding affinity to the type I IFN receptor, but
induced a high antiproliferative effect, suggesting the in-
volvement of a binding site other than the IFNAR or a mul-
ticomponent receptor to induce inhibition of U937 cell growth
(Hu and others 1993).

In our studies, U937 cells that were pretreated with IFN
and infected with SeV may have been more sensitive to the
antiproliferative effects of IFN than untreated, infected cells.
Moreover, the existence of an alternative IFN binding site
could explain why IFNAR2 neutralization before IFN pre-
treatment and SeV infection had no effect on CPE. Although
U937 cells were the only cell type tested to exhibit de-
creased cell viability upon IFN pretreatment and SeV in-
fection, none of the cell types were able to elicit effective
antiviral responses that could protect cells from the infecting
virus, SeV.

The lack of protection following IFN treatment and SeV
infection has also been reported in mice. Pretreatment of
mouse thymic epithelial cells with IFN-b for 24 h before
SeV infection did not result in inhibition of SeV replication
(Morales and others 2015). These in vitro results were also
recapitulated in vivo, where SeV-infected IFNAR-/- mice
displayed the same or extremely similar viral loads as wild-
type mice infected with SeV (López and others 2006). This

FIG. 7. Decreasing the amount of infecting virus does
not result in IFN-mediated protection against SeV-induced
CPE. (A) U937 cells were pretreated with 100 U/mL of
type I IFNs for 24 h and then infected with serial 2-fold
dilutions of SeV, ranging from 0 to 150 HA U/mL of SeV
for 72 h. Cell viability was measured via MTT assay. Re-
sults are shown for IFN-a1 pretreatment, but all IFN-a and
IFN-b subtypes were tested with similar results. (B) Virus
preparations were inactivated using b-propiolactone. U937
cells were then infected with SeV or treated with in-
activated SeV (b-propiolactone) for 72 h. Cell viability was
measured via MTT assay and results are represented as %
cell control.
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is in contrast to mice infected with influenza B virus, where
deletion of the IFNAR resulted in a dramatic increase in
virus replication (Lai and others 2009). These reports and
our studies suggest that IFN production and the establish-
ment of an antiviral response may not necessarily be in-
dicative of efficient viral clearance or have a functional
antiviral effect.

In addition, generic markers such as Jak/STAT activation
and induction of a few ISGs may not be sufficient to con-
clude whether a successful antiviral state is achieved. The
type of antiviral response that is necessary to protect against
SeV infection may be much more specific than the ca-
nonical markers that are usually measured. Several reports
have demonstrated that different cell types can elicit distinct
antiviral responses when infected with a particular virus
(Sperber and others 1992; Lavoie and others 2011; Zhao and
others 2012). Other cell types that were not tested in this
study might express a much more specific profile of antiviral
genes and proteins that are needed to induce an effective
antiviral response against SeV infection.

Typically, when IFN treatment or production is ineffec-
tive against restricting virus replication, it is likely the case
that the virus has developed strategies to circumvent the
innate immune response, such as inactivating necessary
signaling modulators or shutting down global transcription
or translation (Levy and Garcı́a-Sastre 2001). In our studies
we found that IRF and Jak/STAT signaling pathways were
activated upon SeV infection, leading to the transcription
and translation of several ISGs, including IFIT3, ISG15,
Mx1, and IRF-7, which indicates that viral proteins were not
inactivating these processes.

Other studies have also reported the ability of SeV-
induced IFN to signal, as deletion of Jak1, a major tyrosine
kinase necessary for IFN signaling through the IFNAR, re-
sulted in the downregulation of a subset of ISGs during SeV
infection (Elco and others 2005). This is in contrast to
several studies found in the literature, where groups have
reported that the SeV C protein interferes with Jak/STAT
signaling by either binding to STAT proteins and preventing
their activation or targeting STATs for degradation (Ko-
matsu and others 2000; Young and others 2000; Strähle and
others 2003; Kato and others 2004).

Although we detected phosphorylation and expression of
STATs 1 and 2 in SeV-infected cells, a loss of STAT2
phosphorylation and expression was observed at 24 h pi with
SeV in U937 cells. It is possible that this loss represents an
inhibition in STAT signaling by SeV; however, we observed
a loss of STAT2 expression in U937 cells at 24 h pi with
VSV and EMCV and this loss was not detected in other cell
types that were infected with SeV, VSV, or EMCV (data not
shown). Thus, it is likely that cell type-specific signaling
kinetics and negative feedback mechanisms affect STAT
expression at 24 h pi.

One theory to reconcile the conflicting literature regard-
ing SeV effects on STAT proteins may involve the extent
through which the viral proteins inhibit Jak/STAT signaling.
Even if SeV proteins were inhibiting STAT signaling in our
studies, this inhibition is not complete, as we clearly still see
enough signaling to induce type I IFNs, ISGs, and the ac-
tivation of IRF and STAT proteins to levels far beyond those
in uninfected cells.

Type I IFNs, aside from having antiviral and anti-
proliferative capabilities, have also been reported to ex-

hibit antitumor and immunomodulatory properties. Studies
have demonstrated that type I IFNs can signal through the
IFNAR to induce ISGs that lead to caspase-dependent ap-
optosis (Balachandran and others 1998, 2000; Miyake and
others 2012). However, it is unlikely that the SeV-induced
IFNs are primarily causing cell death through this mecha-
nism in our studies because blocking IFNAR2 did not affect
the viability of cells that were infected with SeV. The cell
types we studied most likely induced apoptosis through IFN-
independent mechanisms in response to SeV infection.

SeV-induced apoptosis was shown to require IRF-3
expression and activation through linear ubiquitination at
specific lysine residues, a process referred to as RIG-I-like
receptor-induced IRF-3-mediated pathway of apoptosis
(RIPA) (Chattopadhyay and others 2016). IFN signaling was
shown to have no effect on this process, as Jak knockout
cells that were infected with SeV still induced RIPA (Peters
and others 2008). In RIPA, IRF-3 interacts with the proa-
poptotic protein BAX, at the BH3 domain of IRF-3, and
translocates into the mitochondria to induce apoptosis
(Chattopadhyay and others 2010, 2011).

We detected the phosphorylation and nuclear accumula-
tion of IRF-3 in our studies, but mitochondrial translocation
and BAX interaction were not assessed. Thus, IRF-3 acti-
vation by SeV may have led to RIPA and the induction of
IFN and ISGs (Zaritsky and others 2015). IRF-3, therefore,
is a complex regulator of SeV-induced antiviral and apo-
ptotic responses and more studies are needed to assess its
roles in IFN-treated and SeV-infected cells. IFNs are also
able to mediate cell death by stimulating immune cells to
kill other cells.

Previous studies have shown that priming monocytes with
specific stimuli, one of which is type I IFN, results in killing
of tumor cell lines through mechanisms that have yet to be
elucidated (Baron and others 2011; Nakashima and others
2012; Johnson and others 2015). It is possible that factors in
the cell supernatants in combination with IFN-a treatment
and SeV infection were able to stimulate the U937 mono-
cytoid cells to kill neighboring tumor cells and cause a
decrease in total U937 cell viability in a similar manner.

Type I IFNs have also been shown to affect the cytokine
and chemokine milieus in virus infections. For example,
SeV infected human macrophages, neutralization of type I
IFNs resulted in the downregulation of IP-10, MCP-1, and
MCP-3 expression (Matikainen and others 2000), which can
have major effects on adaptive immunity. Furthermore, type
I IFN treatment of monocyte-derived dendritic cells en-
hances the expression of chemokines and chemokine re-
ceptors CCR5 and CCR7 and leukocyte adhesion molecule
LFA-1, which in turn affects the ability of dendritic cells to
transmigrate to the lymph nodes (Paquette and others 1998;
Santini and others 2000; Parlato and others 2001; Rouzaut
and others 2010).

Therefore, the large amounts of type I IFNs produced
during SeV infection may indirectly serve a functional
purpose by modulating chemokine signaling in a system and
affecting adaptive immune responses or pathological out-
comes. In an in vitro system where only one cell type is
present, as was the case in our experiments, this effect may
not be apparent, but in an in vivo system where virus in-
fection results in cellular trafficking and pathological
changes in tissues, the effects of type I IFNs may be better
exemplified.
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In SeV-infected mice, for example, the induction of
ISG15 had no effect on virus replication, but it did con-
tribute to improving pathological changes in the diseased
airways of the lung (Elco and others 2005). Interestingly,
when a double knockout was performed for the IFN-induced
antiviral protein IFIT2 and the IFNAR, mice were less
susceptible to SeV pathogenesis than the IFIT2-/- mice,
which suggests IFN signaling through the IFNAR plays a
pathological role in mice that are infected with SeV (Wetzel
and others 2014).

In IFNAR-/- mice that also lack transcriptional activity of
IRF-3, as a result of selective mutations at transcriptionally
active sites, RIPA was shown to have protective effects
against SeV by reducing viral burden (Chattopadhyay and
others 2016). These studies indicate that type I IFN sig-
naling and ISG expression can have effects other than the
typical antiviral outcomes and that IFN-independent pro-
cesses have the ability to elicit antiviral effects. Therefore,
the activation of type I IFN-induced signaling pathways and
IFN-mediated ISG induction may not always be suggestive
of protective responses against virus infection.

Even though SeV infection is not preventing canonical
Jak/STAT signaling in our studies, it is possible that the
apparent lack of type I IFN protection against SeV infection
is due to viral inhibition of noncanonical, Jak/STAT-
independent signaling pathways that are activated by type I
IFNs. Type I IFNs have been reported to differentially ac-
tivate ISGs through the MAPK and PI3K pathways in ad-
dition to the canonical Jak/STAT pathway (Uddin and
others 1999; Kato and others 2004; Kaur and others 2008a,
2008b). We have also previously found that the different
signaling pathways that IFNs can induce lead to the upre-
gulation of different sets of ISGs (Zaritsky and others 2015).
Non-Jak/STAT proteins that have been implicated in IFN-
induced ISG expression include Mnk kinases, mTOR, and
SKAR ( Joshi and others 2009; Kaur and others 2012;
Beauchamp and others 2013; Kroczynska and others 2014).

There are most likely many other IFN-induced signaling
pathways that differentially induce ISGs in response to
different viral infections that are as yet undiscovered. It is
possible that these noncanonical pathways are responsible
for inducing the particular sets of ISGs that are necessary for
protecting against SeV infection, but virus infection is either
directly or indirectly leading to their inhibition. Because
most studies only look at canonical signaling to determine
antiviral activity, a more in-depth analysis studying both the
canonical and noncanonical pathways leading to ISG in-
duction in SeV infection may be necessary to determine the
role of IFNs in the antiviral response. Our results clearly
indicate that typical markers of IFN signaling in virally
infected cells do not necessarily correlate with antiviral
activity or increased cell survival.

In conclusion, we found in our studies that although SeV
is an extremely potent inducer of biologically active type I
IFNs as determined by the ability of the supernatants to
protect against VSV or EMCV infection, these IFNs are
unable to protect against the very virus that is responsible
for their induction. This is not due to a viral protein blocking
IFN from Jak/STAT signaling or inducing several of the
well-known antiviral genes and proteins.

Our findings reveal that typical markers of IFN activity
may not be useful in determining whether a functional an-
tiviral state, which inhibits virus replication and enhances

cell survival, is actually induced. In other words, even with
the typical markers of an antiviral response, such as IFN
production, activation of Jak/STAT signaling modulators,
and ISG transcription and/or translation, it does not neces-
sarily mean that virus infection and pathological effects will
be restricted. In some cases, treatment with IFN may even
contribute to the CPE of virus infection, as we observed in
U937 cells. This could have major implications in deter-
mining the safety and effectiveness of IFN treatment in
patients with certain viral infections. It is therefore neces-
sary to ensure a treatment regimen that is tailored and
specific for the particular virus at hand.
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