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ABSTRACT Defective viral genomes (DVGs) generated during RNA virus replication
determine infection outcome by triggering innate immunity, diminishing virulence,
and, in many cases, facilitating the establishment of persistent infections. Despite
their critical role during virus-host interactions, the mechanisms regulating the pro-
duction and propagation of DVGs are poorly understood. Visualization of viral ge-
nomes using RNA fluorescent in situ hybridization revealed a striking difference in
the intracellular localization of DVGs and full-length viral genomes during infections
with the paramyxovirus Sendai virus. In cells enriched in full-length virus, viral ge-
nomes clustered in a perinuclear region and associated with cellular trafficking ma-
chinery, including microtubules and the GTPase Rab11a. However, in cells enriched
in DVGs, defective genomes distributed diffusely throughout the cytoplasm and
failed to interact with this cellular machinery. Consequently, cells enriched in full-
length genomes produced both DVG- and full-length-genome-containing viral parti-
cles, while DVG-high cells poorly produced viral particles yet strongly stimulated an-
tiviral immunity. These findings reveal the selective production of both standard and
DVG-containing particles by a subpopulation of infected cells that can be differenti-
ated by the intracellular localization of DVGs. This study highlights the importance
of considering this functional heterogeneity in analyses of virus-host interactions
during infection.

IMPORTANCE Defective viral genomes (DVGs) generated during Sendai virus infec-
tions accumulate in the cytoplasm of some infected cells and stimulate antiviral im-
munity and cell survival. DVGs are packaged and released as defective particles and
have a significant impact on infection outcome. We show that the subpopulation of
DVG-high cells poorly engages the virus packaging and budding machinery and do
not effectively produce viral particles. In contrast, cells enriched in full-length ge-
nomes are the primary producers of both standard and defective viral particles dur-
ing infection. This study demonstrates heterogeneity in the molecular interactions
occurring within infected cells and highlights distinct functional roles for cells as ei-
ther initiators of immunity or producers and perpetuators of viral particles depend-
ing on their content of viral genomes and their intracellular localization.
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Defective viral genomes (DVGs) are replication-defective viral products generated
during viral infections. DVGs have been identified across all viral families in the

Mononegavirales, as well as in orthomyxoviruses and positive-sense RNA viruses (1–6).
Defective genomes, specifically copyback DVGs (cbDVGs) formed during the replication
of Mononegavirales, are critical modulators of virus-host interactions (7–9). cbDVGs are
the primary immunostimulatory molecules during infection, both in vitro and in vivo,
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and stimulate a cellular prosurvival program that facilitates the establishment of
persistent infections (8, 10–12). Additionally, DVGs occur in natural infections in hu-
mans, likely impacting the infection outcome (1, 13). However, despite their critical role
during virus-host interactions, the mechanisms regulating DVG production and prop-
agation are poorly understood.

cbDVGs are thought to be generated when the viral polymerase detaches from the
antigenomic RNA template and rejoins to copy the nascent strand (14). As cbDVGs are
flanked by the strongly favored antigenomic promoter, they are amplified to high levels
during infection (15). In addition to being endogenously generated from full-length (FL)
virus within infected cells, DVGs can be transmitted from cell to cell by the packaging
of DVGs into DVG-containing particles (DPs). The presence of DPs within viral stocks
amplified in the laboratory is nearly ubiquitous, and for decades, it has been assumed
that all infected cells produce DPs upon reaching a high titer of virus replication
(16–23). However, we have reported remarkable heterogeneity in the accumulation of
DVGs within a subset of cells during infection with the model paramyxovirus Sendai
virus (SeV). This heterogeneity is associated with distinct functions of the DVG-high cell
population, including the induction of antiviral immunity (8, 11, 24) and the facilitation
of viral persistence via the induction of a prosurvival cellular program (12). In contrast,
cells containing low levels of or no DVGs had a negligible contribution to these
processes. This evidence, together with recent evidence of heterogeneity in both viral
replication and particle production of other RNA viruses (25–29), led us to investigate
how DVGs impacted the production of both DPs and standard viral particles.

RNA viruses rely on host cell machinery during their life cycle, including during
particle assembly and egress. For paramyxoviruses, transport of viral ribonucleoprotein
complexes (vRNPs) from within the host cell cytoplasm to the cell membrane occurs via
the recycling endosome pathway. In this process, vRNPs bind to Rab11a-marked
recycling endosomes associated with microtubules (30–35). This pathway provides a
controlled mechanism for virus assembly at the host cell membrane and is followed by
virus egress.

Using RNA fluorescent in situ hybridization (RNA-FISH), which allows us to distin-
guish defective and FL viral genomes within infected cells, we discovered that in
addition to heterogeneity in the amount of DVGs among infected cells, viral genomes
localized to different intracellular spaces in DVG-high and FL-high cells. Importantly,
this differential localization critically impacted the ability of vRNPs to interact with the
cellular machinery used to produce viral particles. As a result, DVG-high cells had a
drastically reduced production of both standard and defective viral particles compared
to FL-high cells. This study reveals two functionally distinct populations during SeV
infection that can be distinguished by the amount and intracellular localization of
DVGs. In addition, together with reported evidence of a critical role for DVGs in driving
innate immunity, this study highlights the critical importance of considering the
remarkable division of labor among infected cells in the study of virus-host interactions.

RESULTS
DVGs alter the intracellular distribution of vRNPs during infection. To investi-

gate if the presence of DVGs altered the interactions of vRNPs with cellular compo-
nents, we first assessed whether DVGs changed the localization of vRNPs in infected
cells. To do this, we infected cells with stocks of SeV strain Cantell depleted of DVGs or
with SeV low-DVG (SeV-LD) at a multiplicity of infection (MOI) of 1.5 TCID50 (50% tissue
culture infective doses)/cell (3 hemagglutinating units [HAU] per 5 � 105 cells) and
supplemented the infections with increasing HAU doses of purified DPs containing SeV
Cantell DVGs (Fig. 1A to E). The Sendai virus Cantell strain naturally produces one
specific DVG that is 546 nucleotides (nt) long, making this an ideal system for identi-
fying DVGs by PCR (7, 8). We measured the levels of DVG-546 in infected cells by reverse
transcription-quantitative PCR (RT-qPCR) and found that the amount of DVG-546
increased corresponding to higher doses of DPs, as expected (Fig. 1B). Since viral RNA
is associated with nucleoprotein (NP) to form vRNPs (36), visualization of NP was used
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as an initial proxy for vRNPs. Using a stock of virus with low contents of DVGs (SeV-LD)
in the absence of additional purified DPs (pDP HAU 0), we noted that NP accumulates
in a perinuclear region of the infected cell. However, upon the addition of increasing
doses of DPs during infection, there was a dose-dependent increase in the number of

FIG 1 Defective viral genomes alter viral nucleoprotein distribution within infected cells. (A) A549 cells infected with SeV-LD at an MOI of 1.5 TCID50/cell
supplemented with purified DPs (pDP) at the indicated HAU for 24 h and stained for SeV NP (gray). Wide-field images were captured with a 40� objective.
Images are representative of results from 3 independent experiments. Bar � 100 �m. (B) RT-qPCR of SeV (�)DVG-546 relative to GAPDH. (C) Distribution of
NP by pixel area within individual cells at 24 h postinfection. (D and E) Quantification of SeV NP amounts by fluorescence intensity (D) and percentage of
cells per field that are NP positive (NP�) as determined by the level of fluorescence above the background (E). Results show the sum of data from 3
independent experiments with �250 individual cells analyzed under each condition. Individual cells are plotted with a line at the mean, and error bars
represent standard errors of the means (SEM). ****, P � 0.0001 by a Kruskal-Wallis test with Dunn’s multiple-comparison test. ns, not significant. (F and G)
A549 cells infected with SeV-LD (F) and SeV-HD (G) for the indicated times and stained for SeV NP (gray). Wide-field images were captured with a 63�
objective. Images are representative of data from four independent experiments. Bar � 100 �m. (H) RT-qPCR for SeV NP, (�)gSeV, and (�)DVG-546 relative
to GAPDH. Data are represented as means � SEM from three independent experiments, **, P � 0.005; *, P � 0.05 by two-way analysis of variance (ANOVA),
with significance indicated between viral infections.
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cells that displayed cytoplasmic and diffuse NP staining with a corresponding loss of
cells that had predominantly perinuclear NP (Fig. 1A). To quantify these differences, we
assessed the size of the area occupied by NP per infected cell and determined that NP
became more spread out throughout the cell cytoplasm with increasing amounts of
DVGs (Fig. 1C). Importantly, we also used immunofluorescence to quantify the amount
of NP within infected cells and determined that the presence of DVGs did not decrease
the amount of NP within infected cells when imaged on a per-cell basis (Fig. 1D).
However, the number of cells that were productively infected decreased significantly
with the addition of increasing amounts of DPs (Fig. 1E), likely explaining the reported
reduction in NP production in cell populations infected in the presence of DVGs (8).

Next, we examined the localization of SeV NP in the presence of DVGs over time. To
do this, we infected cells with SeV-LD (Fig. 1F) or with SeV containing DVGs at levels
similar to those of SeV-LD � pDP HAU 20 SeV high-DVG (SeV-HD) and compared NP
distributions. Distinct intracellular distributions were seen starting at 12 h, when
NP accumulated to detectable levels. At this time point, in cells infected with SeV-LD,
NP began to uniformly accumulate in a perinuclear region. This distribution was
maintained until at least 36 h postinfection (Fig. 1F). In contrast, SeV-HD infections
demonstrated heterogeneity in the distribution of NP throughout the time points
analyzed (Fig. 1G). As expected for bulk population analysis, HD infections showed
lower levels of FL genomes and SeV NP mRNA and higher levels of DVGs than LD
infections (Fig. 1H), although, as mentioned above, bulk population analysis may
confound the interpretation of these data, artificially lowering the values of SeV NP
levels on a per-cell basis. These data demonstrate that the presence of DVGs during
infection alters the intracellular distribution of NP independent of changes in its
transcription.

DVGs and full-length genomes localize disparately in infected cells. Because the

addition of DPs to viral infections altered the intracellular localization of viral NP, we
next investigated and differentiated the intracellular distributions of DVG-containing
vRNPs and FL genome-containing vRNPs using RNA fluorescent in situ hybridization
(RNA-FISH). Probes targeting the 5= end of the positive-sense genome, colored red, and
probes targeting the 3= end of the positive-sense genome, pseudocolored green, were
used to distinguish DVGs in green and FL viral genomes, annotated as genomic SeV or
gSeV, in orange (hybridizing both red and green probes), as we described previously
(12) (Fig. 2A). RNA-FISH of cells infected with SeV-LD or SeV-LD plus increasing amounts
of purified DPs confirmed that FL genomes and DVGs accumulate in different cells and
that their intracellular distributions are distinct (Fig. 2B). In SeV-LD infections, FL
genomes were clustered in a perinuclear region, and the addition of DPs resulted in the
appearance of DVG-high cells with DVGs present throughout the cytoplasm. As the
amount of DPs added to an infection increased, the number of FL-high cells decreased,
while the number of DVG-high cells with cytoplasmically distributed DVGs increased.

Because probes targeting positive-sense viral RNA may also hybridize to mRNA, a set
of probes targeting the negative-sense genome was used to confirm the distinct
distribution of DVGs and FL genomes in the absence of mRNA labeling. Probes
targeting the 3= end of the negative-sense genome, colored red, and probes targeting
the 5= end of the negative-sense genome, pseudocolored green, were used to distin-
guish DVGs in green and FL viral genomes in orange (hybridizing both red and green
probes) (Fig. 2A). During infection with SeV-HD, positive-strand probes identified a
heterogeneous population of cells, those that accumulate viral genomes in a perinu-
clear region and those that accumulate DVGs diffusely in the cytoplasm, similar to what
was observed in infections with SeV-LD plus DPs (Fig. 2B and C). Infections with SeV-HD
generate distinct subpopulations comprising �30% DVG-high cells and 30% FL-high
cells in A549 cells at 24 h postinfection. Similarly, negative-strand probes identified
perinuclear viral genomes and cytoplasmic DVGs (Fig. 2C), indicating that the observed
disparate distributions apply to viral genomes regardless of their sense.
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Cytoplasmic distribution of DVGs is independent of their size or sequence. In
order to address whether the cytoplasmic distribution of DVGs was due to properties
of the viral genomes, we asked whether this distribution was unique to SeV Cantell
DVGs. This virus strain produces a single 546-nt-long cbDVG that is strongly immuno-
stimulatory (7, 11, 24). Other strains of SeV produce cbDVGs of different lengths and

FIG 2 FL genomes accumulate in a perinuclear region, while DVGs are distributed throughout the cytoplasm. (A)
Schematic of positive- and negative-sense probe sets binding to SeV genomes and antigenomes. For positive-sense
FISH, probes targeting the 5= end of the positive-sense genome are shown in red, and probes targeting the 3= end
of the positive-sense genome are shown in green, interpreted as �gSeV (orange) and �DVG (green). For
negative-sense FISH, probes targeting the 3= end of the negative-sense genome are shown in red, and probes
targeting the 5= end of the negative-sense genome are shown in green, interpreted as 	gSeV (orange) and 	DVG
(green). (B) A549 cells infected with SeV-LD at an MOI of 1.5 TCID50/cell supplemented with purified DPs at the
indicated HAU for 24 h followed by positive-sense viral RNA-FISH. Wide-field images were captured with a 40�,
objective. Images are representative of results from 3 independent experiments. Deconvolved, extended focus
images are shown. Bar � 100 �m. (C) A549 cells infected with SeV-HD for 24 h and then subjected to positive-sense
viral RNA-FISH or negative-sense viral RNA-FISH. A 63� wide-field, deconvolved, extended focus is shown. Images
are representative of results from three independent experiments. Bar � 100 �m.
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sequences, and their immunostimulatory activities vary (7, 8). SeV-52 produces larger
and less-immunostimulatory DVGs than SeV Cantell. We generated a stock of SeV-52
enriched with DVGs (SeV-52-HD) by passaging the parental strain undiluted in eggs.
This stock had two major DVGs, both longer than DVG-546, and are visible as two larger
amplicons when amplified with a common set of primers (Fig. 3A). Infections with
SeV-52-HD revealed a cytoplasmic distribution of DVGs similar to that of SeV Cantell
infections (Fig. 3B), indicating that the differential distribution of FL genomes and DVGs
is common to multiple cbDVG types and is independent of size or sequence.

Cytoplasmic diffusively distributed DVG RNPs do not interact with the Rab11a/
microtubule intracellular trafficking machinery. vRNPs from paramyxoviruses and
orthomyxoviruses interact with Rab11a and utilize microtubules to facilitate particle
production (37). To test whether SeV DVGs and FL genomes interacted similarly with
this intracellular trafficking machinery, we performed immunofluorescence analysis for
SeV NP as a proxy for vRNPs in conjunction with antibodies (Abs) targeting a variety of
cellular organelles and cytoskeletal components in FL-high cells or DVG-high cells.
FL-high cells (shown as cells with perinuclearly distributed NP) showed strong colocal-
ization of vRNPs with Rab11a and microtubules. However, DVG-high cells (cells with
cytoplasmically distributed NP) showed almost no colocalization between SeV NP and
Rab11a or microtubules (Fig. 4). These data suggest that vRNPs in DVG-high cells do not
interact with the host intracellular trafficking machinery in the same manner as in
FL-high cells. Furthermore, cytoplasmically distributed NP did not colocalize with
mitochondria, the cis-Golgi network, or the endoplasmic reticulum (Fig. 4), indicating
that DVG RNPs are likely not tethered to organelles within the cytoplasm. To further
confirm that DVG RNPs do not interact with Rab11a in DVG-high cells, we used
combined immunofluorescence and RNA-FISH on cells infected with SeV-HD to identify
vRNPs and Rab11a in FL-high and DVG-high cells (Fig. 5A). For analysis, cells were
binned as DVG-high or FL-high depending on their ratio of the negative-sense 5= probe
to the 3= probe signal intensity, and global Pearson’s correlation of colocalization was
assessed between Rab11a and the 5= end of the negative-sense genome [5= (-)SeV] for
individual cells (Fig. 5B). Similarly to what was observed when tracking NP (Fig. 4), data
indicate that within an infection in the presence of DVGs, viral genomes in the
subpopulation of FL-high cells containing perinuclearly localized vRNPs interact with

FIG 3 Different species of SeV DVGs are cytoplasmically distributed. A549 cells were infected with the
indicated virus for 24 h. (A) Agarose gel electrophoresis of PCR amplification of DVGs using common
primers targeting all copyback DVGs. (B) A549 cells infected with SeV-52-LD or -HD and then subjected
to negative-sense viral RNA-FISH. Wide-field images were captured with a 63� objective. Deconvolved,
extended focus is shown. Images are representative of results from three independent experiments.
Bar � 50 �m.
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Rab11a, but in DVG-high cells with DVG RNPs distributed throughout the cytoplasm,
there is no significant colocalization of RNPs with Rab11a.

To next investigate whether the colocalization of vRNPs with the microtubule/
Rab11a machinery indicated functional interactions, we first disrupted microtubule

FIG 4 SeV NP colocalizes with Rab11a and microtubules in FL-high cells but not in DVG-high cells. A549 cells were infected with SeV-LD or SeV-HD for 24 h.
Cells were fixed and subjected to immunofluorescence analysis for the viral protein SeV NP (red) and Rab11a (recycling endosomes), �-tubulin (microtubules),
TOM20 (mitochondria), GM130 (cis-Golgi network), or calnexin (endoplasmic reticulum) (all in green). Confocal images were captured with a 100� objective.
A single plane is shown. SeV-LD infection was used to capture FL-high cells, and DVG-high cells were captured from SeV-HD infection focusing on fields with
cells containing a majority cytoplasmically distributed SeV NP. Bar � 50 �m. Global Pearson’s correlation was quantified by field for 3 independent experiments,
with �5 fields per experiment. **, P � 0.005; ****, P � 0.0001 by Student’s t test.

FIG 5 DVG-high cells show less colocalization with Rab11a than FL-high cells. (A) Immunofluorescence for
Rab11a (magenta) with negative-sense viral RNA-FISH of A549 cells infected with SeV-HD for 24 h. Confocal
images were captured with a 63� objective. Deconvolved, extended-focus images are shown. Bar � 50 �m.
Single-channel images of Rab11a (bottom) and RNA-FISH (top) are shown to the right. (B) Global Pearson’s
colocalization between Rab11a and the 5= end of the genome quantified per cell for 3 independent
experiments, with 5 fields per experiment. Cells were binned as DVG� or FL� based on the ratio of the 5=/3=
probe intensity. Individual cells are plotted with a line at the mean, and error bars represent SEM. ****,
P � 0.0001 by a Mann-Whitney nonparametric U test.
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polymerization and tested if the localization of viral genomes changed. To disrupt
microtubules, cells were infected with SeV-HD for 4 h to allow for virus entry and then
treated with the microtubule-disrupting drug nocodazole. RNA-FISH was performed at
24 h postinfection to assess viral genome distribution (Fig. 6A). Nocodazole disrupted
the localization of FL genomes in FL-high cells, in agreement with their colocalization
with microtubules, but did not alter the localization of DVGs in DVG-high cells. FL
genomes redistributed to discrete cytoplasmic clusters, while DVGs remained diffused
throughout the cytoplasm, indicating that they were not tethered to microtubules.
Levels of SeV NP transcripts (Fig. 6B) and genomic SeV RNA (Fig. 6C) did not change
upon nocodazole treatment, confirming that intracellular viral replication was not
affected by the drug; however, DVG replication levels were reduced upon nocodazole
treatment (Fig. 6C), potentially due to the effects of nocodazole on tubulin, which has

FIG 6 Cytoplasmic distribution of DVGs in DVG-high cells is independent of microtubule integrity and Rab11a expression. (A) A549 cells infected with SeV-HD
and treated with nocodazole at 4 h postinfection. Positive-sense viral RNA-FISH was performed at 24 h postinfection. Wide-field images were captured with
a 63� objective. Deconvolved, extended focus is shown. Bar � 100 �m. Images are representative of results from four independent experiments. DMSO,
dimethyl sulfoxide. (B to D) RT-qPCR for SeV NP (B), (�)gSeV (C), and (�)DVG-546 (D) transcripts relative to GAPDH at 24 h postinfection. Data are represented
as means � SEM of results from three independent experiments. *, P � 0.05 by a paired t test. (C) A549 cells transfected with siRNA targeting Rab11a or
scrambled control siRNA (siCtrl) prior to infection, infected with SeV-HD for 24 h, and then subjected to positive-sense viral RNA-FISH. Wide-field images were
captured with a 63� objective. Deconvolved, extended focus is shown. Bar � 100 �m. Images are representative of results from four independent experiments.
(F to I) RT-qPCR for Rab11a (F), SeV NP (G), (�)gSeV (H), and (�)DVG-546 (I) transcripts relative to GAPDH at 24 h postinfection. Data are represented as means �
SEM of results from seven independent experiments. *, P � 0.05; **, P � 0.005 by a paired t test. (J) Western blotting for Rab11a protein with a GAPDH loading
control in mock (M), SeV-LD (LD), and SeV-HD (HD) infections. (K) Relative levels of infectious virus by TCID50 normalized to an siRNA control. Data are
represented as means � SEM of results from three independent experiments. *, P � 0.05 by a paired t test. The supernatant from control siRNA and Rab11a
siRNA KD (knockdown) cells was adjusted to an MOI of 1 TCID50/cell with SeV-LD, and LLCMK2 cells were infected for 24 h. (L to N) RT-qPCR for SeV
Cantell-specific DVG-546 (L), (�)gSeV (M), and SeV NP (N) mRNAs relative to GAPDH. Data are represented as means � SEM of results from three independent
experiments normalized to values for SeV-LD alone. **, P �0.005 by one-way ANOVA followed by a Bonferroni post hoc test.
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been shown to influence SeV genomic and DVG RNA replication (38). Furthermore,
when cells depleted of Rab11a by small interfering RNA (siRNA) knockdown were
infected with SeV-HD for 24 h, FL genomes failed to localize to the perinuclear region
and instead distributed throughout the cytoplasm, while the distribution of DVGs
remained the same (Fig. 6E). Rab11a knockdown was confirmed by testing for mRNA
levels (Fig. 6F) and protein expression using Western blotting (Fig. 6J). Viral replication
was equivalent or increased in knockdown cells, likely due to impaired particle pro-
duction and the consequent accumulation of viral genomes and DVGs in the cell (Fig.
6G to I). As expected, Rab11a knockdown decreased levels of infectious virus produc-
tion compared to controls (Fig. 6K). In order to investigate whether there was a similar
impact on the production of DPs, supernatants from control or Rab11a knockdown
infected cells were added to LLCMK2 cells, and levels of intracellular DVGs were
measured by RT-qPCR. Because Rab11a knockdown reduced infectious virus produc-
tion, LLCMK2 infections were adjusted to an MOI of 1 TCID50/cell using supplemented
SeV-LD. Interestingly, DVG RNA levels in LLCMK2 cells treated with supernatants from
infected Rab11a knockdown cells were reduced compared to those in cells treated with
supernatants from infected control cells (Fig. 6L). These data demonstrate that the
production of DPs is reduced in the absence of Rab11a, while levels of SeV transcription
and genomic SeV RNA remain the same across infections (Fig. 6M and N). Taken
together, these results indicate that within an infection, vRNPs in FL-high cells interact
with cellular trafficking machinery involved in virus packaging and budding, while RNPs
in DVG-high cells are localized differently than in FL-high cells and fail to interact with
the cellular machinery used for paramyxovirus budding and particle production.

Virions containing FL genomes or DVGs are produced by FL-high cells and not
by DVG-high cells. Because of the documented importance of Rab11a/microtubule
trafficking pathways for paramyxovirus particle production (37), we next asked if
DVG-high cells produced defective viral genome-containing particles (DPs). Taking into
consideration the heterogeneity in viral genomic content among cells infected with
SeV-HD (12) (Fig. 2), we live sorted DVG-high and FL-high cells to obtain enriched
populations. To do this, we took advantage of previous data from our laboratory that
identified a subset of tumor necrosis factor (TNF)-associated genes that are upregulated
in DVG-high cells, including the cell surface molecule 4-1BB (12). In addition, the SeV HN
protein is a surface protein whose content is lower in DVG-high cells than in FL-high
cells (39). Notably, however, even cells with lower levels of HN (HN-low gate) are
sufficient to produce viral particles, as sorted SeV-LD-infected cells produce similar
amounts of infectious particles from both gates (Fig. 7A and B). To study viral particle
production, experiments were performed in LLCMK2 cells, which robustly produce virus
compared to A549 cells. LLCMK2 cells were infected with SeV-HD, stained, and gated
based on their expression of 4-1BB and SeV HN for sorting (Fig. 7C). Sorted populations
were characterized by RNA-FISH (Fig. 7D) and compared to unsorted population
controls (Fig. 7E), and the relative genomic content was confirmed by RT-qPCR (Fig. 7F).
Sorted cell populations were cultured for 24 h before analyzing their supernatant for
the presence of infectious virus and DPs. As expected, infectious virus was predomi-
nantly found in the supernatant of FL-high cells (Fig. 7G). Because low levels of DPs are
not detectable by titration or by hemagglutination, the content of DPs was assessed
after amplification in LLCMK2 cells. To do this, LLCMK2 cells were infected with a
combination of SeV-52-LD and supernatants from the cultured sorted populations. To
confirm that SeV-52-LD was able to support the replication of SeV Cantell DVG-546,
purified DPs (20 HAU) were added to infections with SeV-52-LD at an MOI of 1.5
TCID50/cell, and levels of DVG-546 (Fig. 8A) and genomic SeV (Fig. 8B) were analyzed
and showed an increase over time. Upon infection of LLCMK2 cells with sorted cell
supernatants, intracellular levels of SeV Cantell-specific DVG-546 were analyzed at 24 h
postinfection by RT-qPCR. Interestingly, despite the abundance of intracellular DVGs,
the supernatant from purified DVG-high cells did not contain DVG-546 DPs, as there
was no difference in the levels of DVGs in SeV-52-LD plus DVG supernatant compared
to SeV-52-LD alone. Rather, DVG-546 DPs were present in the supernatant from purified
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FL-high infected cells (Fig. 8C). There was no difference in levels of genomic SeV RNA
(Fig. 8D). Because we chose to amplify the supernatants in LLCMK2 cells to see robust
virus replication, levels of IFNB and IFIT1 are lower than in A549 cells, as LLCMK2 cells
are rather poor inducers of interferon (IFN). However, as expected, the presence of DPs
correlated with increased expression of IFNB and IFIT1 mRNAs (Fig. 8E and F) compared
to mock levels. Together with reported evidence of a critical role for DVG-high cells in
engaging the antiviral response, these data demonstrate the distinct functional prop-
erties of different cells during viral infections and identify viral particle production as a
distinctive function of FL-high cells.

DVG cytoplasmic distribution is independent of antiviral signaling and cell
type. DVGs from SeV Cantell strongly stimulate the RIG-I-like receptor (RLR) pathway
and induce the expression of type I and III IFNs and hundreds of interferon-stimulated
genes (7, 11, 24, 40). In agreement with the well-known immunostimulatory activity of
DVGs (9), SeV-HD infections showed robust induction of antiviral responses compared
to SeV-LD infections, including high levels of expression of IFNB and the interferon-
stimulated gene IFIT1 (Fig. 9A and B). To assess if these host responses impacted the
differential distribution of FL genomes and DVGs and the consequent different DP
production levels (Fig. 8), we used CRISPR knockout (KO) cell lines lacking the RLR
signaling adaptor mitochondrial antiviral signaling protein (MAVS KO) or lacking the
type I IFN receptor (IFNAR KO). The intracellular distribution of FL genomes and DVGs
in knockout cell lines was similar to their distribution in control cells 24 h after SeV
infection (Fig. 9C to E), indicating that the cytoplasmic distribution of DVGs in DVG-high
cells is independent of both RLR and IFN signaling. To investigate whether the DVG
distribution was dependent on other host factors, we tested a variety of cell lines from

FIG 7 Infectious virus is produced by FL-high cells and not by DVG-high cells. (A) Representative flow
cytometry plot of SeV-LD-infected LLCMK2 cells at 24 h postinfection. The HN-low gate is shown in green,
and the HN-high gate is shown in red. (B) TCID50/25 �l of the supernatant from the indicated cell
populations. (C) Representative flow cytometry plot of SeV-HD-infected LLCMK2 cells at 24 h postinfec-
tion. The DVG-high gate is shown in green, and the FL-high gate is shown in red. (D and E) Cytospin of
the indicated populations after sorting (D) and unsorted SeV-HD-infected LLCMK2 cells as a control (E)
subjected to positive-sense RNA-FISH, (wide field, 20� objective). (F) Relative ratio of DVGs to genomes
calculated by RT-qPCR for DVG-546 and positive-sense genomes in each population, relative to GAPDH
(n � 4). *, P � 0.05 by a Mann-Whitney nonparametric U test. (G) TCID50/25 �l of the supernatant from
the indicated cell populations (n � 3). **, P � 0.005 by Student’s t test.
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various host species. Infection by SeV in various adherent epithelial nonhuman cell
lines, including monkey LLCMK2 cells, which support robust replication of virus and are
traditionally used for virus growth and titration; Madin-Darby canine kidney (MDCK)
cells; and Vero cell lines, recapitulated the phenotype seen in A549 cells (Fig. 7E and
data not shown). The independence on antiviral signaling and host cell type indicates
that the intracellular distribution of vRNPs in FL-high and DVG-high cells is likely a
virally driven process; the specifics of it are the subject of current investigations.

DISCUSSION

Our data indicate that cells that accumulate high levels of DVGs during an infection
have a distinct cytoplasmic distribution of vRNPs compared to infected cells that do not
accumulate high levels of DVGs. DVG RNPs do not engage with the host cell to produce
virions or DVG-containing defective particles (DPs). In contrast, FL genome and DVG
vRNPs in infected cells with low levels of or no DVGs are efficiently packaged and
released as standard virus or DPs. The differential interaction of virus and host proteins
among infected cells in a population highlights the complexity and heterogeneity of
viral infections. Most studies of the interactions of host proteins with viral components
have relied on the purification or tagging of viral proteins or viral RNPs. However, we
show that not all vRNPs across different cells within an infected population behave
similarly, as DVG-high cells show differential distributions of viral components with
distinct functional outcomes. The presence of DVGs within prepared viral stocks or the
accumulation of DVGs during an infection is nearly ubiquitous for viruses of the order

FIG 8 Defective particles are produced by FL virus-high cells and not by DVG-high cells. (A and B) Purified
defective particles added to SeV-52, and levels of (�)DVG-546 (A) and (�)gSeV (B) were measured at 6
and 24 h postinfection. Data from three independent experiments are shown. *, P � 0.05; ***, P � 0.001
by two-way ANOVA with Sidak’s multiple-comparisons test. (C to F) The supernatant (sup) from sorted
cells was mixed with SeV-52 at an MOI of 1 TCID50/cell, and LLCMK2 cells were infected for 24 h. Shown
are RT-qPCR data for Cantell-specific DVG-546 (C), (�)gSeV (D), IFNB (E), and IFIT1 (F) mRNAs relative to
GAPDH (n � 3). **, P �0.005 by one-way ANOVA followed by a Bonferroni post hoc test.
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Mononegavirales, orthomyxoviruses, and others (9, 41). Our results indicate that DVGs
may shape not only the outcome of infection but also the interaction of viral genomes
with the intracellular trafficking machinery.

DVGs are important modulators of pathogenesis in many infections, as they ame-
liorate disease courses through the induction of antiviral immunity, particularly in
paramyxovirus infections (1, 8). Additionally, DVG-high cells induce prosurvival path-
ways that extend their life span and facilitate the establishment of viral persistence (12).
The differential distribution of DVGs within cells and their failure to form large perinu-
clear clusters may be clues to some of the functions that DVGs carry out in driving
immunity and stimulating prosurvival pathways. Clustering of viral RNA into specialized
structures in order to evade viral RNA sensing by RLRs has been described for a number
of viruses, including those of the paramyxovirus family (42). Although this specific
proviral function has not been described for Sendai virus, the differential localization of
DVGs and their correlation with immune stimulation may offer additional explanations
for why these viral products so actively engage with RLRs.

A widely described impact of DVGs on virus production is their ability to strongly
interfere with viral protein expression and consequently broadly lower levels of stan-
dard virus replication and virion production (39, 43). However, our data indicate that
the presence of DPs during an infection leads to a reduction in the proportion of cells
able to produce virus rather than a global lowering of virus production in all cells, and
indicate the importance of moving away from bulk population analysis when studying
the impact of DVGs on an infection. We show that the presence of high levels of DVGs
within infected cells drastically limits the production of virions by such cells, and the
mechanisms leading to this reduction in virion production are of interest. Our data
indicate that the immunostimulatory nature of DVGs does not impact these differences
(Fig. 9), and we presume that interference leading to reductions in certain viral proteins
may play a role. Interestingly, when analyzed on a per-cell basis, levels of NP are not
decreased significantly with the accumulation of DVGs within cells, suggesting that not
all viral proteins are subject to stark interference. However, as NP is the first and most
abundantly produced mRNA and protein, there may be additional interfering effects on
subsequent proteins, which may influence viral particle assembly and production.
While DVG-high cells have decreased levels of HN on the surface, we confirmed that
this level of HN is also found in a subpopulation of DVG-low cells that produces virions

FIG 9 Differential distribution of viral genomes is independent of antiviral signaling. (A and B) RT-qPCR
for IFNB (A) and IFIT1 (B) mRNAs relative to GAPDH (n � 3). **, P � 0.005 by one-way ANOVA followed
by a Bonferroni post hoc test. (C to E) CRISPR control A549 (C), MAVS KO (D), and IFNAR KO (E) cell lines
were infected with SeV-HD for 24 h and then subjected to positive-sense viral RNA-FISH. Wide-field
images were captured with a 63� objective. Deconvolved, extended focus is shown. Images are
representative of results from three independent experiments. Bar � 50 �m.
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at normal rates. These data suggest that the defect of DVG-high cells in producing DPs
cannot be explained by a reduction in the amount of HN. However, it is possible that
reductions in the amounts of other proteins implicated in particle production may play
a role. For example, matrix protein bridges the interactions between viral glycoproteins,
including HN, and vRNPs, yet the details of how it functions in particle assembly are
unknown. Evidence indicates that matrix traffics to the cell surface together with viral
glycoproteins but independently of vRNPs (44), while other evidence suggests that
matrix interacts with cytoplasmic vRNPs and is critical for vRNP transport to the cell
membrane (45, 46). Regardless of how matrix works, high levels of DVGs during
infection can destabilize matrix, leading to a failure of virus assembly (47). Whether
matrix interacts with recycling endosomes or facilitates recycling endosome interac-
tions with vRNPs is unknown. Our data suggest that defects in particle assembly in
DVG-high cells may originate prior to their assembly at the cell membrane, as we fail
to see an interaction of DVGs with Rab11a and microtubules required for the trafficking
of vRNPs to the plasma membrane. It is possible that matrix plays an important role in
these interactions. Analysis of RNA from sorted cells shows that DVG-high cells contain
lower levels of SeV M mRNA transcripts than do FL-high cells, as expected. However,
they express SeV M mRNA, and it is unclear how these lower levels impact protein
amounts and whether this is a meaningfully lower level of viral protein. Unfortunately,
due to limitations in tools available to study SeV M protein, we are currently unable to
address these questions. Additionally, the nonstructural viral protein C has been
implicated in the formation of viral particles through mechanisms that remain contro-
versial, and C protein is subject to additional regulations at a transcriptional level, which
may be altered in DVG-high cells (48–50). Further investigation into why DVG-high cells
fail to engage with these pathways should provide important insight into mechanisms
mediating viral genome trafficking and egress and possibly reveal additional roles of
matrix or C proteins in regulating virion formation.

The production of DPs and the transmission of DVGs during an infection can have
large impacts on the infection outcome in cells (12), in animals (1, 8), and in humans
(13). Here we show that cells accumulating the majority of DVGs during an infection are
not the main producers of DPs. Rather, DPs and virus are produced from FL-high cells.
Notably, FL-high cells die more promptly during infection (12), raising intriguing
questions about the dynamics of virus spread and pathogenesis. The presence of
DVG-high cells during infection occurs in the presence of high levels of DPs; however,
during natural infections, there may be low levels of transmission of DPs. Therefore, a
natural infection would presumably originally begin as a low-DVG infection. Once DVGs
accumulate in an LD infection (Fig. 1H), the production of DPs as well as standard virus
could lead to a local area of high-DVG infection and produce DVG-high cells, which
would then be capable of triggering antiviral immunity. The production of DVGs in vivo
has been established (8), and modeling of DVGs during transmission has been at-
tempted (28, 51), but we believe that our updated model could yield more insights into
these infection dynamics. Additionally, the ability to separate and distinguish defective
genomes from FL genomes has allowed us to further characterize properties of the viral
genomes during an infection and reveal that cells enriched in DVGs do not engage with
microtubule/Rab11a-driven viral production pathways. This dichotomy within a single
population not only is a useful tool to understand the immunostimulatory functions of
DVGs in infections but also allows us to further investigate additional fundamental
aspects of paramyxovirus biology.

MATERIALS AND METHODS
Cells and viruses. A549 cells (human type II pneumocytes; ATCC CCL-185) and LLCMK2 cells

(monkey kidney epithelial cells; ATTC CCL-7) were cultured in tissue culture medium (Dulbecco’s
modified Eagle’s medium [DMEM; Invitrogen] supplemented with 10% fetal bovine serum [FBS; Serum
Source International], gentamicin [ThermoFisher], sodium pyruvate [Invitrogen], and L-glutamine [Invit-
rogen]) at 7% CO2 at 37°C. The generation of A549 CRISPR cell lines was described previously (8). Cells
were treated with mycoplasma removal agent (MP Biomedical) upon thawing and tested monthly for
mycoplasma contamination using a MycoAlert Plus mycoplasma testing kit (Lonza). Sendai virus was
grown in 10-day-old, embryonated, specific-pathogen-free chicken eggs (Charles River) for 40 h before
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allantoic fluid was harvested. LD and HD stocks were produced as described previously (11). Viruses were
characterized by the ratio of the TCID50 to direct hemagglutinating (HA) titers. In brief, the TCID50 was
determined by 1:10 serial dilutions of virus in infection medium (DMEM [Invitrogen] supplemented with
35% bovine serum albumin [BSA; Sigma-Aldrich], penicillin-streptomycin [Invitrogen], and 5% NaHCO3

[Sigma-Aldrich]) prior to infection of LLCMK2 cells for 72 h in the presence of 2 �g/ml L-1-tosylamido-
2-phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Worthington Biochemicals), followed by
hemagglutination of 0.5% chicken red blood cells (RBCs; Lampire) to determine the presence of virus in
the supernatant. Titers were calculated using the method of Reed and Muench (52). Total HA titers were
obtained by testing 1:2 serial dilutions of the virus in phosphate-buffered saline (PBS) for hemaggluti-
nation of 0.5% chicken RBCs. Ratios of TCID50/HA titers were as follows: 195,776 for SeV Cantell LD, 48,944
for SeV Cantell HD, 235,151 for SeV-52-LD, and 784 for SeV-52-HD. Infections were performed at an MOI
of 1.5 TCID50/cell with virus diluted in infection medium. Cells were washed twice with PBS and then
incubated with infection medium with virus at a low volume at 37°C for 1 h. Cells were then supple-
mented with 2% FBS tissue culture medium for the indicated time periods. Defective particles (DPs) were
purified from the allantoic fluid of SeV Cantell-infected embryonated eggs by density ultracentrifugation
on a 5 to 45% sucrose gradient, as previously described (8).

Immunofluorescence. Cells were seeded on no. 1.5 glass coverslips (Corning) prior to infection. At
the indicated time points, coverslips were briefly washed in PBS and then fixed in 4% paraformaldehyde
(Electron Microscopy Sciences) for 10 min. Cells were permeabilized with 0.2% Triton X-100 (Sigma-
Aldrich) for 10 min. Primary and secondary antibodies were diluted in 3% FBS–PBS and incubated at
room temperature (RT) for 1.5 h and 1 h, respectively. Nuclei were stained with Hoechst dye for 10 min
prior to mounting coverslips on slides using Fluoromount-G (ThermoFisher). Antibodies used were as
follows: SeV NP (clone M73/2, a kind gift from Alan Portner, directly conjugated with DyLight 594
N-hydroxysuccinimide (NHS) ester [ThermoFisher]); Rab11a (catalog number ab65200; Abcam); alpha-
tubulin (catalog number ab52866; Abcam); GM130 (catalog number ab52649; Abcam); calnexin (catalog
number ab133615; Abcam); TOM20 (catalog number sc-11414; Santa Cruz); Alexa Fluor 647-phalloidin
(catalog number A22287; Invitrogen); and goat anti-rabbit IgG(H�L) secondary antibody conjugated to
Alexa Fluor 488 (catalog number R37116; Invitrogen).

RNA FISH. Custom probe sets (described in reference 12) (Table 1) conjugated to Quasar 570 and
Quasar 670 dyes were purchased from LGC Biosearch. Cells were seeded on no. 1.5 glass coverslips
(Corning) prior to infection. At the indicated time points, coverslips were briefly washed in PBS and then
fixed in 3.7% formaldehyde (ThermoFisher) for 10 min. Cells were permeabilized in 70% ethanol (EtOH)
for 1 h, washed in wash buffer (2� SSC [1� is 0.15 M NaCl plus 0.015 M sodium citrate] [ThermoFisher]
and 10% formamide [ThermoFisher] in nuclease-free water), and then subjected to hybridization with
FISH probes. In brief, probes were diluted to 2.5 nM in hybridization buffer (wash buffer plus dextran
sulfate) and applied to slides. Slides were incubated with the probe overnight at 37°C in a humidified
chamber. Prior to imaging, slides were washed in wash buffer twice (once with Hoechst dye to stain
nuclei) and then in 2� SSC. Cells were mounted in antifade buffer (2� SSC, 0.4% glucose [Sigma], and
Tris-HCl [pH 8.0] [USB Corporation] with catalase [Sigma] and glucose oxidase [Sigma]) and sealed with
rubber cement. RNA-FISH combined with immunofluorescence includes the following modifications:
after fixation with EtOH, cells are stained with antibody in 1% BSA (ThermoFisher)–PBS with RNaseOUT
(Invitrogen) for 45 min for the primary Ab and 40 min for the secondary Ab. Cells were then postfixed for
10 min in 3.7% formaldehyde prior to hybridization.

Microscopy and image analysis. Wide-field images were acquired on a Leica DM1000 microscope
with 40� (1.25- to 0.75-numerical-aperture [NA]) and 63� (1.40- to 0.60-NA) oil immersion objectives.
Confocal images were acquired on a Leica SP5-II laser scanning confocal microscope with 63� (1.40- to
0.60-NA) and 100� (1.46-NA) oil immersion objectives with pixel sizes of 50.4 nm by 50.4 nm for
immunofluorescence images and 120.2 nm by 120.2 nm for FISH immunofluorescence. Images were
deconvolved using Huygens Essentials Deconvolution Wizard using theoretical point spread function,
and images were processed in Volocity (Perkins-Elmer). Global Pearson’s correlation was calculated in
Volocity using automatic thresholding based on methods described previously (53). For Rab11a/
negative-sense-SeV colocalization, nonspecific nuclear staining was excluded using Fiji software by
subtracting the signal from the nuclear area defined by Hoechst staining. For individual cell measure-
ments, regions of interest (ROIs) were defined manually for global Pearson’s correlation. Measurements
of nucleoprotein distribution and amount were done using the MetaMorph (Molecular Devices) multi-
wavelength cell scoring application using phalloidin staining to define cellular boundaries. Single-plane
images were used for quantification, and the plane was determined by phalloidin staining in order to
avoid bias.

RNA extraction and PCR/RT-qPCR. RNA was extracted with TRIzol (Invitrogen). Cellular and viral
mRNAs were reverse transcribed using an RNA-to-cDNA kit (Invitrogen). Viral RNA was reverse tran-
scribed using a SuperScript III first-strand synthesis system (Invitrogen) with primer 5=-GGTGAGGAATC
TATACGTTATAC-3=. PCR was performed using Platinum Taq DNA polymerase (Invitrogen), the reverse
transcription primer, and 5=-ACCAGACAAGAGTTTAAGAGATATGTATT-3=. qPCR was performed with a 1:40
dilution of cDNA, SYBR green (Life Technologies), and 5 �M forward/reverse primers (Invitrogen) on an
Applied Biosystems ViiA 7 real-time system. Relative copy numbers per cell were calculated by the ΔΔCT

method and normalized to average cellular glyceraldehyde-3-phosphate dehydrogenase (GAPDH) ex-
pression levels. Primers are forward (F) primer 5=-TGCCCTGGAAGATGAGTTAG-3= and reverse (R) primer
5=-GCCTGTTGGTTTGTGGTAAG-3= for SeV NP, F primer 5=-GACCAGGAAATAAAGAGTGCA-3= and R primer
5=-CGATGTATTGGCATATAGCGT-3= for gSeV, F primer 5=-TCCAAGACTATCTTTATCTATGTCC-3= and R
primer 5=-GGTGAGGAATCTATACGTTATAC-3= for DVG-546, F primer 5=-GTCAGAGTGGAAATCCTAAG-3=
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and R primer 5=-ACAGCATCTGCTGGTTGAAG-3= for IFNB, F primer 5=-GGATTCTGTACAATACACTAGAA
ACCA-3= and R primer 5=-CTTTTGGTTACTTTTCCCCTATCC-3= for IFIT1, and F primer 5=-AGAGCTTTTGCA
GAAAAGAATGGT-3= and R primer 5=-GCTTCTGAGAAACAATGCGGT-3= for Rab11a.

siRNA. Cells (3 � 104) were transfected with 75 �M On-Target Plus SMARTpool Rab11a (Dharmacon
GE), a mixture of four siRNAs targeting Rab11a diluted in Opti-MEM, using Lipofectamine RNAiMAX
(Invitrogen). Transfection was performed 72 h prior to infection to allow sufficient knockdown. Knock-
down was assessed using immunofluorescence, RT-qPCR, and Western blotting to confirm protein and
mRNA levels. Control cells were transfected with 75 �M the On-Target Plus nontargeting pool (Dhar-
macon GE) by following identical procedures.

Western blotting. Cells were lysed in NP-40 lysis buffer (Amresco) with proteinase inhibitors (Roche
Boehringer Mannheim), RNaseOUT (Invitrogen), and EDTA (ThermoFisher). The protein concentration was
measured using a bicinchoninic acid (BCA) protein assay (ThermoFisher). Protein (10 �g) was denatured
by boiling for 10 min, loaded in a 10% Bis-Tris gel (Bio-Rad), and then transferred to a polyvinylidene
difluoride (PVDF) membrane (Millipore). Membranes were incubated overnight with primary antibody in
5% milk (rabbit anti-Rab11a [Abcam] and mouse anti-GAPDH [Sigma]). The membrane was incubated
with anti-rabbit horseradish peroxidase (HRP)-conjugated antibody (Cell Signaling) or anti-mouse HRP-
conjugated antibody (Jackson Immunologicals) in 5% milk and developed using the Lumi-light Western
blot substrate (Roche) to detect HRP.

Drug treatment. At 4 h postinfection, medium was removed and replaced with 2% FBS tissue culture
medium containing 2 �g/ml nocodazole (Sigma-Aldrich) for the duration of infection.

Flow cytometry. Cells were stained with anti-4-1BB (clone 4B4-1, catalog number 309819; Bio-
Legend) and anti-SeV HN (clone 6F11; kindly provided by T. Moran) followed by anti-IgG2a phycoerythrin

TABLE 1 Probe sequences for SeV negative-sense genome probes

Probe sequence Probe name

CTCTTAAACTCTTGTCTGGT DVG_Negative_1
TGGAAGTCTTGGACTTATCC DVG_Negative_2
GTGCAGAACGATCGAAGCTC DVG_Negative_3
GCTCGTAATAATTAGTCCCT DVG_Negative_4
GGTGATATCGAGCCATATGA DVG_Negative_5
CCGTGATTGATGATGGATCA DVG_Negative_6
GCCAGGCAAAATGAATACAC DVG_Negative_7
AGGGGCAGTCAAGATGTTCG DVG_Negative_8
TAACGTATAGATTCCTCACC DVG_Negative_9
TTATTAGACAGGTTTGAGGA DVG_Negative_10
ACCTGAGGGTTATCACAAAA DVG_Negative_11
TTATCATCCCGTGAGATCAG DVG_Negative_12
CCTGACCAGAAGTTTGAAGC DVG_Negative_13
TCTATGTCCACAAGATTGGT DVG_Negative_14
CTTGGCAGAGATATCTAGGG negSeV_1
ACGATTCTGGAATGCAGGTG negSeV_2
TCAAGGATGTGGACCTTGAG negSeV_3
AAGCCACTGATATTGCACTT negSeV_4
GTTGAAAGATACGGCAACCC negSeV_5
TGCTCTAAGACACGTCATGT negSeV_6
TGACTACTCTTTCTGTCTCA negSeV_7
TCATAGGCTTCAAGTTTCGG negSeV_8
CTATACGAGTGTCATGCAGT negSeV_9
TGACAGGGTATATCCTAACC negSeV_10
TAAGATCAGGTCTCTGGGTA negSeV_11
ACATCCACGATATCTCTCAG negSeV_12
TCAGAAGAGCCTGAATACCT negSeV_13
CATATACCACGACATCGTGT negSeV_14
ACTGATGCTTATCCATTGTC negSeV_15
GTATTCCTAACCCATGACAA negSeV_16
ATTTCGGAACCATCGGAGAG negSeV_17
GACACAAAATGCCGGTGTTC negSeV_18
CTTGAGAATGGGTGCGGAAC negSeV_19
TAATGGATGTGAATCCCCAT negSeV_20
GTCAATGGGACATCTCTAGG negSeV_21
CTGGTCCAGATAAGAAAGCC negSeV_22
CGTAGATCCAATCTACCATC negSeV_23
GGTGGCAAGACTGACAACAC negSeV_24
AGAGGTACGAGGAGGTACAT negSeV_25
TACGAGGCTTCAAGGTACTT negSeV_26
TGAATTTGCTCCAGGCAATT negSeV_27
GGCCCGATATTAATAAGCTT negSeV_28
GAGACAAAGATGGCAGCTCT negSeV_29
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(PE)-Cy7 (clone RMG2a-62, catalog number 407113; BioLegend) at 24 h postinfection. Cells were sorted
on a BD FACS Aria II Special Order Research Products (SORP) instrument. Mock-infected and SeV-LD-
infected cells were used to inform gating. Analysis was done using FlowJo_v9.9.4 (BD Biosciences).

Viral production analysis. Sorted cells (1.5 � 105 cells per population) were incubated for 30 min in
1% anti-SeV mouse serum twice to remove virus bound to the surface. Cells were then seeded in a
24-well plate in infection medium (described above) and cultured for 24 h. Twenty-four hours after
culture, medium was collected and analyzed for virus particles. Detection of DPs was performed by
infecting LLCMK2 cells with an inoculum containing 100 �l of culture supernatants with 100 �l of
infection medium containing SeV-52-LD to reach an MOI of 1 TCID50/cell and 2 �g/ml TPCK trypsin
(Worthington) for 24 h.

Statistics. Statistics were calculated using GraphPad Prism 5 for Mac.
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