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Double-Stranded RNA Is Detected by Immunofluorescence Analysis in
RNA and DNA Virus Infections, Including Those by Negative-
Stranded RNA Viruses

Kyung-No Son, Zhiguo Liang, Howard L. Lipton

Department of Microbiology-Immunology, University of lllinois at Chicago, Chicago, lllinois, USA

ABSTRACT

Early biochemical studies of viral replication suggested that most viruses produce double-stranded RNA (dsRNA), which is es-
sential for the induction of the host immune response. However, it was reported in 2006 that dsRNA could be detected by immu-
nofluorescence antibody staining in double-stranded DNA and positive-strand RNA virus infections but not in negative-strand
RNA virus infections. Other reports in the literature seemed to support these observations. This suggested that negative-strand
RNA viruses produce little, if any, dsSRNA or that more efficient viral countermeasures to mask dsRNA are mounted. Because of
our interest in the use of dsSRNA antibodies for virus discovery, particularly in pathological specimens, we wanted to determine
how universal immunostaining for dsRNA might be in animal virus infections. We have detected the in situ formation of dsSRNA
in cells infected with vesicular stomatitis virus, measles virus, influenza A virus, and Nyamanini virus, which represent viruses
from different negative-strand RNA virus families. dsSRNA was also detected in cells infected with lymphocytic choriomeningitis
virus, an ambisense RNA virus, and minute virus of mice (MVM), a single-stranded DNA (ssDNA) parvovirus, but not hepatitis
B virus. Although dsRNA staining was primarily observed in the cytoplasm, it was also seen in the nucleus of cells infected with
influenza A virus, Nyamanini virus, and MVM. Thus, it is likely that most animal virus infections produce dsRNA species that
can be detected by immunofluorescence staining. The apoptosis induced in several uninfected cell lines failed to upregulate
dsRNA formation.

IMPORTANCE

An effective antiviral host immune response depends on recognition of viral invasion and an intact innate immune system as a
first line of defense. Double-stranded RNA (dsRNA) is a viral product essential for the induction of innate immunity, leading to
the production of type I interferons (IFNs) and the activation of hundreds of IFN-stimulated genes. The present study demon-
strates that infections, including those by ssDNA viruses and positive- and negative-strand RNA viruses, produce dsRNAs de-
tectable by standard immunofluorescence staining. While dsRNA staining was primarily observed in the cytoplasm, nuclear
staining was also present in some RNA and DNA virus infections. The nucleus is unlikely to have pathogen-associated molecular
pattern (PAMP) receptors for dsSRNA because of the presence of host dsSRNA molecules. Thus, it is likely that most animal virus
infections produce dsRNA species detectable by immunofluorescence staining, which may prove useful in viral discovery as well.

An effective antiviral host response depends on recognition of
viral invasion and an intact innate immune system as a first
line of defense. Although the mammalian innate immune system
responds to other pathogens, the emphasis here is on animal vi-
ruses. Double-stranded RNA (dsRNA) is a viral product essential
in the induction of innate immunity, leading to the production of
type Iinterferons (IFNs) (1, 2) and activation of hundreds of IFN-
stimulated genes (ISGs), including two well-recognized ISG cyto-
plasmic enzyme systems that are activated by dsRNA (and type I
IFNs) and that have broad antiviral activities: the protein kinase R
(PKR) and 2'-5'-oligoadenylate synthetase systems (3—6). To-
gether these responses confer resistance to virus (reviewed in ref-
erence 7).

Viral infections provide a principal source of dsRNA that is
recognized by pathogen-associated molecular pattern (PAMP) re-
ceptors. For infection with viruses having dsRNA genomes, the
origin may be input dsRNA or dsRNA synthesized in progeny
genomes inside the capsid, which is imperfectly hidden from cy-
toplasmic sensors (8). In single-stranded RNA (ssRNA) virus in-
fections, the source of dsRNA is replicative dsRNA intermediates
generated by an RNA-dependent RNA polymerase (RdRp), while
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in DNA virus infections, convergent transcription from bidirec-
tional promoters results in the formation of overlapping RNAs.
Innate immune sensors detect not only the dsRNA structure but
also the length, sequence, and cellular location (9, 10). Small
RNAs, defined by their length (20 to 30 nucleotides), such as small
interfering RNAs (siRNAs; ~21 nucleotides) and microRNAs
(~22 nucleotides), are not associated with a type I IFEN response
(11). Thus, recognition of dsRNA is presumed to require a length
equal to or greater than ~30 nucleotides.
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Early biochemical studies of viral replication suggested that
most viruses produce dsRNAs (12-15). However, in 2006, Weber
etal. (16) reported that dsRNA could be detected by immunofluo-
rescence antibody staining in double-stranded DNA (dsDNA)
and positive-strand RNA virus infections but not in negative-
strand RNA virus infections, suggesting that negative-strand RNA
viruses produce little, if any, dsRNA or that more efficient viral
countermeasures mask dsRNA in negative-strand RNA virus in-
fections. Recently, two reports of dsSRNA production in negative-
strand RNA virus infections (9, 17) have challenged the findings of
Weber etal. (16). Because of our interest in the use of antibodies to
dsRNA for virus discovery, particularly in pathological specimens,
we wanted to determine how universal immunostaining for
dsRNA might be in animal virus infections. In addition to posi-
tive-strand RNA viruses, we also observed the in situ formation of
dsRNA in cells infected with vesicular stomatitis virus (VSV),
measles virus (MeV), influenza A virus (IAV), and Nyamanini
virus (NyaV), which represent different negative-strand RNA vi-
rus families. RNA with a dsRNA character was also detected in
cells infected with lymphocytic choriomeningitis virus (LCMV),
an ambisense RNA virus, and minute virus of mice (MVM), a
single-stranded DNA (ssDNA) parvovirus, but not hepatitis B vi-
rus (HBV). dsRNA staining was primarily observed in the cyto-
plasm but was also seen in the nucleus of cells infected with NyaV,
MVM, and AV, generally colocalizing with the expression of viral
antigens. Thus, it is likely that immunostaining will detect most
animal virus infections and that antibodies to dsSRNA may also be
used to enrich for viral sequences in cDNA library construction
and next-generation sequencing (NGS) for viral discovery.

MATERIALS AND METHODS

Cells. BHK-21 cells were grown in Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS), 7.5% tryp-
tose phosphate, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 pg of
streptomycin/ml at 37°C in 5% CO,. Cells of the immature myelomono-
cytic cell line M1, derived from the SL mouse strain, were induced to
differentiate into macrophages with supernatants from mouse L929 fibro-
blasts and mouse P388D1 macrophages as described previously and des-
ignated M1-D cells. (18). Vero B6 cells were grown in DMEM, and Ma-
din-Darby canine kidney cells were grown in minimal essential medium
(MEM) supplemented with 10% FBS, 2 mM L-glutamine, 100 U of peni-
cillin/ml, and 100 p.g of streptomycin/ml at 37°C in 5% CO,. DBT (astro-
cytoma-derived) cells were grown in MEM with 10% FBS and 10% tryp-
tose phosphate, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 g of
streptomycin/ml at 37°C in 5% CO,.

Viruses. The origin and passage history of Theiler’s murine encepha-
litis virus (TMEV; BeAn) stock have been reported previously (19). Stocks
of VSV were purchased from ATCC (Manassas, VA), and those of entero-
virus 71 (EV71), mouse hepatitis virus (MHV; A59), IAV (H3N2, Udorn),
MeV (Chicago), LCMV (Armstrong), and NyaV were gifts from Alan Nix
(CDC, Atlanta, GA), Tom Gallagher (Loyola School of Medicine, Chi-
cago, IL), Bob Lamb (Northwestern University, Evanston, IL), Mark Bur-
goon (University of Colorado Denver School of Medicine, Aurora, CO),
Robert Fujinami (University of Utah School of Medicine, Salt Lake City,
UT), and Robert Tesh (University of Texas Medical Branch, Galveston,
TX), respectively. Infection with MVM in A9 mouse fibroblasts was per-
formed in Peter Tattersall’s laboratory (Yale University, New Haven, CT).
The cells were fixed in neutral formalin and shipped to the University of
Mllinois at Chicago (UIC; Chicago, IL). Human hepatoblastoma cell line
(HepG2) clone 2.2.15, which is persistently infected with hepatitis B virus
(HBV; core antigen positive) (20), was grown on coverslips and fixed
in 10% neutral formalin in the laboratory of Alan McLachlan (UIC, Chi-
cago, IL).
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Virus infections. After virus adsorption at the multiplicities of infec-
tion (MOIs) indicated below for 30 to 60 min at 24°C or 37°C, cell mono-
layers on coverslips in 6-well plates were washed twice with MEM con-
taining 1 mM CaCl, and 0.5 mM MgCl, or remained unwashed and were
then incubated for the times designated below in the specific medium
containing 1% FBS at 37°C. The virus titers of clarified lysates of infected
cells were determined by measurement of the 50% tissue culture infective
dose or standard plaque assay. The times postinfection (p.i.) for immu-
nofluorescence studies with each virus were selected after preliminary
experiments, and a number of time points were chosen.

Reagents. The antibodies to dsRNA used were mouse monoclonal
antibody (MADb) J2 (Scion, Budapest, Hungary), mouse monoclonal an-
tibody 9D5 (ascitic fluid; David Schnurr, California State Department of
Health, Richmond, CA), and rabbit polyclonal antibody 170A (David
Stollar, Rutgers, New Brunswick, NJ). Rabbit polyclonal anti-TMEV an-
tibody was raised by intravenous injections of CsCl, gradient-purified
BeAn virus, and mouse immune serum to NyaV was raised by four intra-
peritoneal injections of virus stock as approved by the Office of Animal
Care and Institutional Biosafety Committee. The following antiviral an-
tibodies were purchased or provided: mouse MAb to EV71 (Mybiosource,
Inc., San Diego, CA), mouse polyclonal antibody J1.3 to MHV M protein
(Tom Gallagher, Loyola University School of Medicine, Chicago, IL), hu-
man recombinant 2B4 to MeV NC protein (Mark Burgoon, University of
Colorado Denver, Aurora, CO), rabbit polyclonal anti-vesicular stomati-
tis virus (anti-VSV) glycoprotein antibody (Bethyl Inc., Montgomery,
TX), rabbit polyclonal antibody to IAV NC protein (Abcam, Cambridge,
MA), rabbit polyclonal antibody to MVM NS1/NS2 (Peter Tattersall, Yale
University, New Haven, CT), and mouse MAb to LCMV NP (Michael
Buchmeier, University of California, Irvine, CA). Rabbit anti-caspase-3
and rabbit anti-poly(ADP-ribose) polymerase (anti-PARP) were pur-
chased from Cell Signaling Technology (Beverly, MA), goat anti-rabbit
IgG-fluorescein isothiocyanate (FITC; 1:500) and anti-mouse IgG-FITC
(1:500) were from BD Pharmingen (San Diego, CA), Alexa Fluor 488
(1:2,000) and goat anti-mouse Alexa Fluor 568 (1:2,000) were from Invit-
rogen (Carlsbad, CA), and goat anti-human IgG-rhodamine was from
Santa Cruz (Dallas, TX). RNase One was purchased from Promega (Mad-
ison, WI), and RNase III was purchased from Life Technologies (Grand
Island, NY).

Immunofluorescence staining. Cells grown and infected on glass cov-
erslips (Fisher Scientific Co., Pittsburgh, PA) were fixed in 3.7% parafor-
maldehyde or 10% neutral formalin, permeabilized with phosphate-buff-
ered saline (PBS) containing 0.2% Triton X-100 for 5 min, and washed
three times for 5 min each time in PBS. For some IAV infections, the cells
were first incubated with proteinase K (20 pg/ml; Sigma, St. Louis, MO) in
50 mM Tris-HCL, pH 8.0, and 5 mM CaCl, for 1 h at 37°C. Primary
antibodies for detection of dsRNA and the different virus antigens in cells
were incubated overnight at 4°C (all other antibody incubations were at
24°C), washed three times for 5 min each time in PBS before incubation
with secondary antibodies for 30 min, counterstained with 1 pg/ml 4’,6-
diamidino-2-phenylindole (DAPI) solution in PBS for 3 min, and finally,
washed three times with PBS containing 0.05% Triton X-100 for 5 min
each time, twice with PBS for 5 min each time, and once with distilled H,O
for 1 min. The coverslips were inverted onto gel mount (Biomedia, Foster
City, CA) on microscope slides, viewed with a Zeiss digital confocal mi-
croscope, and photographed.

RNA duplexes of different sizes. Small-molecular-size (100- to 1,000-
bp) and large-molecular-size (1- to 8-kbp) poly(I-C) (InvivoGen, San
Diego, CA) and a 47-mer RNA duplex of BeAn virus nucleotides (5'-GU
CUAAGGCCGCUCGGAAUAUGACAGGGUUAUUUUCACCUCUUC
UUUU-3'; Integrated DNA Technologies, Skokie, IL) were used in
Northwestern blotting.

Northwestern blotting. Total RNA samples were electrophoresed on
a 1% agarose gel in TBE buffer (89 mM Tris-HCl, 89 mM boricacid, 2 mM
EDTA, pH 8.4) and transferred onto a Hybond nylon membrane (GE
Healthcare, Piscataway, NJ). The membrane(s) was incubated in 5% non-
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FIG 1 Reactivity of the 9D5 MAD with dsRNA duplexes of various sizes and TMEV and influenza A virus RF RNAs. (A) (Left) Electrophoresis on a 1.7% agarose
gel stained with ethidium bromide. The gel contained large molecular size ssRNA markers, a 47-mer RNA duplex, small-molecular-size (100- to 1,000-bp)
poly(I-C), and large-molecular-size (1 to 8 kbp) poly(I-C) in the four lanes from left to right, respectively. (Right) Northwestern blot showing the reactivity of
MAb 9D5 with 100-bp to 8-kbp poly(I-C). (B) (Left) Electrophoresis on a 1% agarose gel of in vitro-transcribed TMEV RNA and total RNA from TMEV-infected
BHK-21 cells (6 h p.i.) stained with ethidium bromide. Lanes: 1, high-range ssRNA markers; 2, in vitro-transcribed TMEV genomic RNA; 3, total RNA from
infected cells showing the TMEV positive-strand genome and dsRNA RF along with cellular RNAs. (Right) Northwestern blot of the membrane on the left
showing the reactivity of RF and RI RNAs with 9D5 antibodies to dsRNA. (C) (Left) Electrophoresis on a 1% agarose gel of total RNA from uninfected and
TAV-infected MDCK cells stained with ethidium bromide. Lanes: 1, ssRNA markers; 2, uninfected MDCK cells; 3, infected MDCK cells. (Middle) Northwestern
blot of lane 2 from the panel on the left with no reactivity. (Left) Blot of the membrane of lane 3 from the panel on the left showing the reactivity of IAV genome
RF segments. (D) Sensitivity of the 9D5 MADb for the detection of TMEV RF RNA from infected BHK-21 cells. (Top) A 1% agarose gel stained with ethidium
bromide showing barely detectable TMEV RF RNA; (bottom) Northwestern blot showing the reactivity of TMEV RF RNA with as little as 50 ng of antibody. (E)
Titration of MAb 9D5 (3.27 g/pl) and MAD J2 (1.2 wg/ul) showing their relative reactivity with TMEV-infected M1-D cells by immunofluorescence intensity.

fat milk in Tris-buffered saline (TBS) at 24°C for 1 h to block nonspecific
binding sites, followed by incubation of a 1:6,000 dilution of the 9D5
primary antibody to dsRNA at 24°C for 1 h or 4°C overnight, washed three
times in TBS and 0.05% Tween 20 (TBST) for 10 min each time, and then
incubated with a 1:6,000 dilution of secondary anti-mouse IgG-horserad-
ish peroxidase (HRP) antibody in TBS at 24°C for 1 h. After washing in
TBST three times for 10 min each time, the membranes were blotted with
SuperSignal enzyme-linked immunosorbent assay Femto maximum-sen-
sitivity substrate (Pierce, Rockford, IL) at 24°C for 1 to 2 min, exposed,
and developed with HyBlot CL autoradiography film (Denville Scientific,
Metuchen, NJ).

Immunoblot analysis. M1-D cells (cells in the monolayer and those
shed into the supernatant combined) were washed with PBS and lysed in
radioimmunoprecipitation assay buffer (50 mM Tris-HCI, pH 7.5, 150
mM NaCl, 1 mM EDTA, 1% NP-40, 0.5% sodium deoxycholate, 0.1%
sodium dodecyl sulfate [SDS]) at the times indicated below. Protein sam-
ples were electrophoresed on 12% NuPAGE bis-Tris gels (Novex, Life
Technologies) with MOPS (morpholinepropanesulfonic acid)-SDS run-
ning buffer (Invitrogen, Carlsbad, CA) and transferred to nitrocellulose
membranes (GE Healthcare, Piscataway, NJ). The membranes were
blocked with Tris-buffered saline containing 3% nonfat dry milk and
0.02% Tween 20 and incubated with primary antibody for 1 h and goat
anti-rabbit immunoglobulin-HRP or anti-mouse immunoglobulin-HRP
(BD Pharmingen, San Diego, CA) as the secondary antibodies at a 1:2,000
dilution for 1 h. Immunoreactive bands were detected by enhanced
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chemiluminescence (ECL; PerkinElmer, Inc. Waltham, MA). Mouse an-
tibody to B-actin (Sigma, St. Louis, MO) was used as a loading control.

RESULTS

Specificity of dsRNA antibodies. Details of the specificity of rab-
bit polyclonal antibody 170A and the J2 mouse MAb to dsRNA
were reported previously (13, 21). Bonin et al. (22), using scan-
ning force microscopy, found that the J2 MAb recognized only
perfect RNA duplexes of =40 nucleotides in size. The MAb 9D5,
which was initially believed to be a panenterovirus antibody (23),
turned out instead to have reactivity to dsRNA. Thus, MAb 9D5
was primarily used in these studies and in Northwestern immu-
noblotting and reacted with small-molecular-size (100- to 1-kbp)
and large-molecular-size (1- to 8-kbp) poly(I-C) but not with a
47-bp dsRNA (Fig. 1A) or with siRNAs (22 bp) (not shown). The
replicative form (RF) and a presumed replicative intermediate
(RI) of BeAn virus (TMEV) were identified by Northwestern im-
munoblotting, but the single-stranded viral genomic RNA was not
(Fig. 1B). dsRNA RFs of influenza virus genomic segments were
also bound by 9D5 (Fig. 1C). However, there was no binding of
BHK-21 or MDCK cell 28S and 18S rRNAs, 4S tRNA, or other
host cell RNAs. The 9D5 antibody detected as little as 50 ng of
TMEV dsRNA (Fig. 1D) and showed positive staining of TMEV-
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FIG 2 Immunofluorescence analysis of cell monolayers infected with positive-strand RNA viruses. Uninfected (A, D, G) and infected (B, E, H) cell monolayers
were stained with a 1:2,000 dilution of either MAb 9D5 or polyclonal antibody 170A to dsRNA, and infected cells were stained with spec1ﬁc antiviral antibodies
(C, F, I). The fields in the center (B, E, H) and right (C, F, I) panels are identical. (A to C) Uninfected and TMEV-infected M1-D macrophages. (A) Uninfected
cells. (B) TMEV-infected cells showing strong punctate cytoplasmic staining (green). (Insets) A loss of staining after preincubation with RNase III (left) but
retention of staining after preincubation with RNase A (right). (C) TMEV-infected cells stained with a 1:3,000 dilution of rabbit polyclonal antibodies to TMEV
virions showing cytoplasmic staining (red). (Inset) Colocalization of dsRNA and virus antigen(s). (D to F) Uninfected and EV71-infected Vero B6 cells. Strong
punctate cytoplasmic dsRNA staining (green) was shown in uninfected cells (D) but not in infected cells (E). (F) EV71-infected cells exhibited cytoplasmic
staining with a 1:2,000 dilution of mouse MAb to EV71 (red; virus protein specificity is not known). (Insets) Colocalization of both antigens. (G to I) Uninfected
and MHV-infected DBT astrocytoma cells. Strong punctate cytoplasmic staining (green) with the 170A polyclonal antibody was shown in infected cells (H) but
not in uninfected cells (G), while MHV-infected cells exhibited cytoplasmic staining with a 1:500 dilution of mouse MAb to MHV M protein (red) (I). The inset
in panel I shows the colocalization of both antigens. The results of incubations of RNases with EV71 and MHV are the same as those for incubations of RNases

with TMEV (not shown). Bars, 10 wum. All insets have the same magnification as the full panels.

infected M1-D cells at a dilution to 1:10,000, whereas the dilution
of ]2 required for detection of TMEV dsRNA and positive staining
was 1:500 (Fig. 1E). Thus, the 9D5 antibody appears to specifically
recognize perfect RNA duplexes ranging in size from ~100 bp to
16 kbp but not ssRNA, a result also found with the J2 MAb (not
shown). The J2 MAb provided identical, albeit weaker staining
than MAD 9D5 in infected cells (see below).

Intracellular dsRNAs in positive-strand RNA virus infec-
tions detected by immunofluorescence staining. The intracellu-
lar localization and confirmation of dsRNA staining with MAb
9D5 by digestion with RNase specific for single-strand RNAs
(RNase A) and dsRNAs (RNase III) were initially assessed in sev-
eral positive-strand RNA virus infections. The dsRNA staining
observed in the cytoplasm of TMEV-infected M1-D murine mac-
rophages (MOI = 10) at 6 h p.i. was abrogated when infected
monolayers were incubated with RNase III but not RNase A (Fig.
2B, right and left insets, respectively). RNase III and RNase A
digestions were performed in cells infected with the other viruses,
and the same result described above was obtained (not shown).
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Similar dsRNA staining results were seen with TMEV infection in
BHK-21 cells (not shown). TMEV antigens stained with poly-
clonal rabbit antisera colocalized with dsRNA, although on differ-
ent molecules (Fig. 1C, inset), suggesting that dsRNA and a viral
nonstructural protein were in close proximity. Similar punctate
dsRNA and virus antigen staining was also observed in the cyto-
plasm of EV71-infected Vero B6 cells (MOI = 5) at 6 h p.i. and
MHYV-infected astrocytoma-derived DBT cells (MOI = 5) at 6 h
p.i. (Fig. 2D to I). EV71 and MHYV are two other positive-strand
RNA viruses. Colocalization of the two antigens was also ob-
served. While dsRNA remained perinuclear in location in infected
DBT cells, the M protein extended from the cell soma into astro-
cytic processes (linear staining). These results indicate that MAb
9D5 recognized dsRNA in cells infected with these positive-strand
RNA viruses, and such staining was abrogated by incubation of
the infected cells with RNase III.

Weaker dsRNA immunofluorescence was observed in nega-
tive-strand RNA virus infections. In a previous study, dsSRNA
was not detected by immunofluorescence staining of IAV and La
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FIG 3 Immunofluorescence analysis of dsSRNA and virus proteins in negative-strand RNA virus infections. Uninfected (A, E, I, M) and infected (B, F, J, N) cell
monolayers were stained with a 1:2,000 dilution of MAb 9D5 or polyclonal antibody 170A, and the other infected monolayers were stained with the specific
antiviral antibodies (C, G, K, O). (A to D) Vero B6 cells infected or not infected with VSV. (A) Uninfected cells. (B) VSV-infected Vero B6 cells with punctate
cytoplasmic staining (green) with MAb 9D5 (B). (C) VSV-infected cells stained with a 1:500 dilution of rabbit polyclonal antibodies to VSV G protein showing
copious cytoplasmic staining (red). (D) Merged image of panels B and C. (E to H) Vero B6 cells infected or not infected with MeV. (E) Uninfected cells. (F)
MeV-infected Vero B6 cells with punctate cytoplasmic staining with MAb 9D5. Note the large multinucleated giant cell. (G) MeV-infected cells were stained with
human recombinant antibody to MeV NC protein and show diffuse cytoplasmic reactivity. (H) Merged image of panels F and G. (I to L) MDCK cells infected
or not infected with IAV. (I) Uninfected cells. (J) IAV-infected MDCK cells revealing cytoplasmic staining (green) with MAb 9D5. (K) Cytoplasmic reactivity is
seen with a 1:500 dilution of rabbit polyclonal antibody to IAV NC protein. (L) Merged image of panels ] and K. (M to P) Vero B6 cells infected or not infected
with NyaV. (M) Uninfected cells. (N) NyaV-infected Vero B6 cells revealing punctate areas of staining in the nucleus of infected cells. (O) Cytoplasmic reactivity
with a 1:2,000 dilution of mouse antiserum to NyaV proteins is seen. (P) Merged image of panels N and O, with only a few of the stained nuclear dots in two cells

showing colocalization (arrows). Bar, 10 pm (the magnification in panel A applies to all panels).

Crosse virus infections, even though Tyramide signal amplifica-
tion was used (16). Kato et al. (9) also concluded that dsRNA was
not present in IAV infection. Other investigators reported that the
expression of dsRNA in wild-type Sendai virus and MeV infec-
tions was absent or dsRNA was expressed at much lower concen-
trations in wild-type Sendai virus and MeV infections than in
infections with the same viruses deficient in the C protein (17, 24).
In contrast, we have demonstrated dsRNA staining in infections
with wild-type viruses of four different negative-strand RNA virus
families, including VSV infection in Vero B6 cells (MOI = 2) at 6
h p.i., MeV infection in Vero B6 cells (MOI = 0.1) at 72 h p.i., IAV
infection in MDCK cells (MOI = 0.025) at 16 h p.i., and NyaV in
Vero B6 cells (MOI = 0.01) at 72 h p.i. Punctate cytoplasmic
dsRNA staining was clearly seen in VSV, MeV, and IAV infections

September 2015 Volume 89 Number 18

Journal of Virology

(Fig. 3B, F, and J). While the intensity of dsRNA staining in cells
with negative-strand RNA virus infections in the selected images
in Fig. 3 was qualitatively similar to that in cells with positive-
strand RNA virus infections, in most other images (not shown),
the dsRNA staining in cells with negative-strand RNA virus infec-
tions was less intense. The slightly more prominent staining in
MeV-infected cells (Fig. 3F) may be due to an increased amount of
cytoplasm of the large giant cell shown; however, single MeV-
infected cells had a similar intensity of staining (not shown).
Although TAV replicates in the nucleus, dsSRNA was not de-
tected at 3, 4, 8, and 16 h p.i., in spite of a progressive cytopathic
effect after 8 h p.i. However, incubation of IAV-infected cells with
proteinase K prior to staining revealed spheroidal dots of immu-
noreactive dsRNA in the nucleus (see Fig. 6B, arrows), indicating
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FIG 4 Immunofluorescence analysis of uninfected (A) and IAV-infected (B)
Vero B6 cells stained with a 1:500 dilution of the J2 MAD showing that J2 also
detects dsRNA in negative-strand RNA virus infections; images of the other
negative-strand RNA viruses not shown.

that the IAV nucleocapsid complex had prevented staining of the
IAV RF. Anti-dsRNA reactivity was present exclusively in the nu-
cleus of NyaV-infected cells (Fig. 3N; see also Fig. 6C). NyaV be-
longs to a new family in the order Mononegavirales that is closely
related to bornaviruses and replicates in the nucleus (25). These
results are consistent with the nuclear replication of NyaV, evident
here as dsRNA-positive foci of various sizes in the nucleus, sug-
gesting that these are sites of viral replication. Punctate cytoplas-
mic staining patterns obtained using polyclonal antibodies to VSV
G, MeV NP, and IAV NC proteins are shown in Fig. 3C, G, and K.
Mouse antiserum to NyaV revealed both diffuse cytoplasmic re-
activity and more discrete spots of nuclear reactivity that in some
instances colocalized with dsRNA (Fig. 3P, arrows). These results
indicate that in negative-strand RNA virus infections, dsRNA is
formed in amounts sufficient for detection by immunofluores-
cence analysis and that staining may be observed in the nucleus.
Finally, the J2 MAD also stained negative-strand RNA virus-in-
fected cells, but the staining tended to be weaker than that ob-
tained with MAb 9D5 and in some cells was accompanied by non-
specific background staining, as shown for IAV infection (Fig. 4);
photomicrographs of the other negative-strand RNA viruses are
not shown.

Detection of dsRNA in LCMV and mouse parvovirus infec-
tions but not HBV infections. Cytoplasmic dsRNA staining was
also observed in LCMV-infected Vero B6 cells (MOI = 0.01) at 7
days p.i., an expected result, as was staining for the LCMV nucleo-
protein, but the nucleoprotein signal colocalized with dsRNA in
only some cells (Fig. 5B to D). However, an ssDNA virus like
MVM, a mouse parvovirus, was not anticipated to generate
dsRNA, yet late in infection (48 h p.i.) we observed a pattern of
nuclear staining resembling that seen in NyaV infection (Fig. 5F).
However, there were many more small dots of staining in the
nucleus, and they varied more in size; a comparison of the nuclear
dsRNA staining patterns for MVM, NyaV, and IAV that varied
substantially is shown in Fig. 6. Most cells in MVM-infected
monolayers were stained with antibody to NS1, and the staining
was primarily cytoplasmic, but the intensity of staining varied
from cell to cell, probably because the infection could not be syn-
chronized on coverslips (Fig. 5E). Rare nuclei showed discrete
areas of NS1 staining in the nucleus, dissimilar to the pattern of
dsRNA staining (not shown). Finally, we were unable to detect
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FIG 5 Reactivity of dsRNA and viral proteins in cells infected with an am-
bisense RNA virus (LCMV) and an ssDNA virus (MVM) by immunofluores-
cence analysis. Uninfected (A, E) and infected (B, F) cell monolayers were
stained with a 1:2,000 dilution of MAb 9D5 to dsRNA, and infected monolay-
ers were stained with the specific antiviral antibodies (C, G). (A to D) LCMV-
infected and uninfected Vero B6 cells. (A) Uninfected cells. (B) LCMV-in-
fected Vero B6 cells revealing punctate cytoplasmic staining (green) with MAb
9D5. (C) LCMV-infected cells stained with a 1:100 dilution of MAD to the
LCMV NP protein showing cytoplasmic staining (red). (D) Merged image of
panels B and C. (E to G) MVM-infected and uninfected mouse A9 cells. (E)
Uninfected cells. (F) MVM-infected mouse A9 cells showing punctate areas of
various diameters with staining with MAb 9D5 in the nucleus (green). (G)
MVM-infected monolayers showed cytoplasmic staining with a 1:200 dilution
of polyclonal antibody to MVM NS1/2 (no DAPI counterstaining) (red). The
images in panels F and G were not from the same field. Bars, 10 pm (the
magnification in the panels with bars applies to all photomicrographs).

dsRNA in a HepG2 cell clone persistently infected with HBV and
expressing HBV core protein. Collectively, these results indicate
that immunofluorescence staining with antibodies to dsRNA
probably detects most, but not all, animal virus infections.

Cellular stress resulting in apoptosis did not induce detect-
able levels of dsRNA staining in uninfected cells. Since dsSRNA
staining was not observed in the uninfected cell lines, we were
interested in whether cellular stress might result in the upregula-
tion of dsRNA. Initially, uninfected M1-D macrophages were in-
cubated with increasing concentrations of cycloheximide (CHX)
and tumor necrosis factor alpha (TNF-a), both of which are
known to induce apoptosis (26). As shown in Fig. 7A and C, there
was no dsRNA staining in uninfected cell monolayers incubated
with buffer or 500 uM CHX, while BeAn virus-infected M1-D
cells (MOI = 10) were strongly positive for dsRNA (Fig. 7B).
Nuclear fragmentation typical of apoptosis was observed in DAPI-
stained M1-D cells (Fig. 7C), and immunoblot analysis showed
the appropriate cleavage of PARP and caspase-3 at concentrations
of CHX of =50 uM, indicative of apoptosis (Fig. 7D). Apoptosis
was also induced at lower CHX concentrations when CHX was
combined with 10 g of TNF-a (Fig. 7D) and did not result in
dsRNA staining (not shown). Induction of apoptosis in unin-
fected M1-D, BHK-21, Vero B6, and MDCK cell monolayers with
these reagents did not reveal dsRNA staining (not shown). Thus,
cellular stress resulting in apoptosis did not induce dsRNA species
to levels detectable by immunofluorescence antibody staining.

DISCUSSION

Based on reports in the literature (Table 1) and our present find-
ings, we believe that dsRNA species are produced in sufficient
amounts in most animal virus infections to be readily detected by
immunofluorescence antibody staining. This is not unexpected,
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FIG 6 Comparison of nuclear images of cells infected with IAV, NyaV, and
MVM stained for dsRNA. (A, B) IAV-infected MDCK cells at 16 and 8 h p.i.,
respectively, showing cytoplasmic staining (A) and nuclear staining (B); nu-
clear staining was seen only after the cell monolayers were first incubated with
proteinase K. Infected cells with nuclear staining at 8 h did not reveal cytoplas-
mic staining; however, at 16 h, staining in the nucleus and cytoplasm was seen
(not shown). (C) NyaV-infected Vero B6 cells revealed dot-like sites of stain-
ing in the nucleus. (D) MVM-infected A9 mouse fibroblasts showing increased
numbers of smaller dot-like areas of staining in the nucleus compared with the
numbers seen in IAV- and NyaV-infected cells.

since dsRNA is a major viral trigger of the innate immune re-
sponse but is nonetheless subject to viral countermeasures, such as
the expression of dsRNA binding proteins by viruses that block
dsRNA exposure (27-30), yet in a study by Weber et al. (16), little,
if any, dsSRNA was generated in negative-strand RNA virus infec-
tions for detection by immunofluorescence microscopy. This
conclusion was reinforced because of the use of Tyramide signal
amplification in their studies. However, their lack of success might
relate to the production of smaller amounts of dsSRNA in negative-
strand RNA virus infections, the use of the less sensitive J2 MAD,
the choice of less than optimum times for p.i. sampling, or, pos-
sibly, technical issues. In the present study, we have shown that
negative-strand RNA viruses from four different virus families,
VSV (Rhabdoviridae), IAV (Myxoviridae), MeV (Paramyxoviri-
dae), and NyaV, generated RNAs of double-stranded character
detectable by routine immunofluorescence antibody staining.
NyaV belongs to a novel genus closely related to bornaviruses in
the order Mononegavirales (31, 32). Interestingly, the intensity of
staining tended to be weaker in VSV-, IAV-, and MeV-infected
cells than in positive-strand RNA virus-infected cells; however,
the optimum dose and the timing p.i. of dsRNA formation by the
different viruses were not examined in detail, nor were viral coun-
termeasures measured. Pfaller et al. (17) also found that dsRNA
expression was much lower in cells infected with wild-type MeV
than in cells infected with an MeV mutant with a knockout of the
C protein (CX°), indicating that the C protein, which is known to
control genome replication and transcription, also limits or masks
dsRNA production. Similarly, Takeuchi et al. (24) observed
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FIG 7 Lack of induction of dsRNA reactivity with CXH and CXH plus TNF-a,
which results in apoptosis, in uninfected M1-D macrophages. (A) Uninfected
cells were incubated with 500 uM CXH for 6 h before staining with MAb 9D5
and showed no dsRNA reactivity. (B) TMEV-infected cells showing cytoplas-
mic dsRNA staining as a positive control. (C) DAPI-stained fragmented and
blebbing nuclei, indicative of apoptosis, in uninfected cells. (D) Immunoblot
analysis showing PARP and caspase-3 (Casp-3) cleavages, indicative of apop-
tosis, when cells were incubated with CHX at concentrations of =50 uM and
slightly more robust cleavages when cells were incubated with both CHX at a
concentration of 50 or 100 wM and TNF-« at a concentration of 5 or 10 pg.

dsRNA formation in cells infected with Sendai virus with C*° but
failed to detect dsRNA in wild-type Sendai virus-infected cells by
immunofluorescence antibody staining.

In most of the virus infections studied here and those described
in the literature (Table 1), dsSRNA was found in the cytoplasm, was
frequently perinuclear in location, and was found in areas where
the viroplasm is found. However, in NyaV- and MVM-infected
cells that replicate in the nucleus, dsRNA was exclusively nuclear.
We are unaware of prior reports of dsRNA staining in the nucleus
for any virus infection. Currently, there is insufficient knowledge
of NyaV RNA replication, and we can only speculate that the
dsRNA is likely to be that of NyaV RF RNA. Recently, Matsumoto
et al. (33) reported images obtained by confocal microscopy
showing a pattern of nuclear staining (nuclear dots) of Borna dis-
ease virus N and P proteins that were closely associated with host
chromosomes in infected cells, indicating that these were sites of
viral factories. In rare instances, NyaV proteins stained with
mouse antisera colocalized with dsRNA in the nucleus (Fig. 3P),
butin MVM infections, antisera to the NS1 and NS2 proteins (that
share an N-terminal peptide) did not appear to colocalize with
dsRNA. Since MVM has an ssDNA genome, we could speculate
that the failure of transcription termination close to the poly(A)
site might produce transcripts capable of base pairing with the
initial VP1/VP2 transcript. However, an understanding of the
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TABLE 1 Detection of dsRNA produced in virus infections by
immunofluorescence antibody staining

Virus family and virus” Nature of genome Reference(s)
Adenoviridae (adenovirus) dsDNA 16, 39
Herpesviridae

HSV-1 dsDNA 16

CMV dsDNA 39
Poxviridae, vaccinia virus dsDNA 16
Reoviridae

Reovirus dsRNA 16

Rotavirus dsRNA 39
Togaviridae

Rubella virus ssRNA, positive strand 40, 41

Sindbis virus ssRNA, positive strand 13

Flaviviridae
Kunjin virus ssRNA, positive strand 42
West Nile virus ssRNA, positive strand 43

Dengue virus

Japanese B encephalitis
virus

Hepeatitis C virus

ssRNA, positive strand 44
ssRNA, positive strand 44

ssRNA, positive strand 45

Coronaviridae, SARS-CoV ssRNA, positive strand 16
Picornaviridae
EMCV
CVB types 1 to 5, echovirus
types 3, 6, and 9;
poliovirus type 3,
HPev1®

ssRNA, positive strand 9,16
ssRNA, positive strand 39

Paramyxoviridae
MeV
Newcastle disease virus

ssRNA, negative strand 17
ssRNA, negative strand 46

Rhabdoviridae, VSV

“HSV-1, herpes simplex virus 1; CMV, cytomegalovirus; SARS-CoV, severe acute
respiratory syndrome coronavirus; EMCV, encephalomyocarditis virus; CVB, coxsackie
B virus; HPevl, human parechovirus 1; MeV, measles virus.

b Detected by the immunohistochemical method rather than immunofluorescence.

ssRNA, negative strand 9

mechanism(s) of generation of overlapping transcripts in parvo-
virus infection awaits further study.

TAV transcription and replication occur in the nucleus inside a
helical nucleocapsid. While diffuse dsRNA immunoreactivity was
observed in the cytoplasm, infected cells grown on coverslips re-
quired protease digestion to elicit nuclear staining. After protease
digestion, dsRNA antibodies most likely bound the RF RNAs of
the IAV genome within nucleocapsids. The dsRNA target in the
cytoplasm remains a mystery, and we can only speculate that it is
also RF RNA exported from the nucleus to the cytoplasm in nu-
cleocapsid particles that are inefficiently assembled or subjected to
proteolysis in the cytoplasm. On the other hand, nuclear traffick-
ing of the IAV nucleocapsid complex is a tightly regulated process
(34), so the possibility that the upregulation of host dsRNA ac-
counts for cytoplasmic staining cannot be excluded (see below).

The issue of dsRNA as a cellular product upregulated during
viral infections was raised in a detailed study of the activation of
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PKR in MeV infection (17). In those studies, dsRNA was inhibited
by CHX but not actinomycin D, indicating that RNA synthesis
was due to the MeV RNA-dependent RNA polymerase and not the
host cell dsSDNA-dependent RNA polymerase. Recently, toxicity
from accumulation of dsRNA in the cell cytoplasm was high-
lighted in publications describing studies of the pathogenesis of
geographic atrophy, a form of macular degeneration (35, 36).
Those investigators found that the accumulation of Alu dsRNA in
the cytoplasm of retinal pigment epithelial cells was due to the
reduction of DICERI, a type III RNase, leading to apoptosis of
retinal ganglion cells (36). It has also been shown that cellular
levels of RNAs for Alu, the most abundant repetitive element in
the human genome capable of forming intramolecular dsRNAs,
may increase by as much as 20-fold under various stress condi-
tions (37, 38). Although we did not observe dsRNA staining of
uninfected cell lines in this study, we wondered whether cellular
stress might upregulate dsRNA species to a detectable level. How-
ever, the cellular stress from apoptosis induced by incubation of
uninfected BHK-21, M1-D, MDCK, and Vero B6 cell monolayers
with CHX alone or both CHX and TNF-« did not result in ob-
servable intracellular dsRNA reactivity. The results of this experi-
ment, however, do not preclude the possibility that other stresses
might induce the accumulation of dsRNA that reaches the cyto-
plasm.

Finally, since antibodies to dsRNA should detect most virus
infections, these antibodies may have a place in viral discovery,
particularly for immunofluorescence and immunohistochemistry
methods in cases suspected of having a viral cause. In fact, anti-
bodies to dsRNA were reported to identify viruses in acute central
nervous system infections (39). Application of immunohisto-
chemistry to archival formalin-fixed paraffin-embedded tissue
suffers post hoc from the marked variability, timing, and duration
of tissue fixation. dsRNA antibodies might also have a place in
viral discovery using next-generation sequencing (NGS). A major
limitation of cDNA libraries made from ssRNA molecules for
NGS is that viral sequences comprise only a tiny fraction of a
massive, complex, and largely irrelevant host RNA data set. This is
especially problematic for chronic viral infections where the nu-
cleic acid of a virus may be present in ultralow abundance com-
pared to the levels in acute infections. In contrast, cDNA libraries
constructed from dsRNA are enriched for viral sequences because
of the lower host dsRNA background (unpublished data). Thus,
dsRNA antibodies should have a role in viral discovery using NGS
because of the exclusion of ssRNA in host tissues.
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