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ABSTRACT Early interactions of influenza A virus (IAV) with respiratory epithelium
might determine the outcome of infection. The study of global cellular innate im-
mune responses often masks multiple aspects of the mechanisms by which popula-
tions of cells work as organized and heterogeneous systems to defeat virus infec-
tion, and how the virus counteracts these systems. In this study, we experimentally
dissected the dynamics of IAV and human epithelial respiratory cell interaction dur-
ing early infection at the single-cell level. We found that the number of viruses in-
fecting a cell (multiplicity of infection [MOI]) influences the magnitude of virus an-
tagonism of the host innate antiviral response. Infections performed at high MOls
resulted in increased viral gene expression per cell and stronger antagonist effect
than infections at low MOIs. In addition, single-cell patterns of expression of interfer-
ons (IFN) and IFN-stimulated genes (ISGs) provided important insights into the con-
tributions of the infected and bystander cells to the innate immune responses dur-
ing infection. Specifically, the expression of multiple I1SGs was lower in infected than
in bystander cells. In contrast with other IFNs, IFN lambda 1 (IFNL1) showed a wide-
spread pattern of expression, suggesting a different cell-to-cell propagation mecha-
nism more reliant on paracrine signaling. Finally, we measured the dynamics of the
antiviral response in primary human epithelial cells, which highlighted the impor-
tance of early innate immune responses at inhibiting virus spread.

IMPORTANCE Influenza A virus (IAV) is a respiratory pathogen of high importance
to public health. Annual epidemics of seasonal IAV infections in humans are a signif-
icant public health and economic burden. IAV also causes sporadic pandemics,
which can have devastating effects. The main target cells for IAV replication are epi-
thelial cells in the respiratory epithelium. The cellular innate immune responses in-
duced in these cells upon infection are critical for defense against the virus, and
therefore, it is important to understand the complex interactions between the virus
and the host cells. In this study, we investigated the innate immune response to 1AV
in the respiratory epithelium at the single-cell level, providing a better understand-
ing on how a population of epithelial cells functions as a complex system to orches-
trate the response to virus infection and how the virus counteracts this system.
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he innate immune response is the first host defense against virus infection. Influ-

enza A virus (IAV) targets epithelial cells in the respiratory tract for replication.
Therefore, it is critical to understand the innate immune mechanisms that protect these
cells from infection by IAV. In airway epithelial cells, IAV double-stranded and triphos-
phorylated RNAs are pathogen associated molecular patterns (PAMPs) detected by
receptors such as retinoic acid-inducible gene | (RIGI), melanoma differentiation-
associated protein 5 (MDA5), and Toll-like receptor (TLR) 3 (3-7). Upon PAMP detection,
several autocrine signaling pathways are initiated, leading to expression of type | and
Il interferons (IFNs) and other cytokines (8, 9). Engagement of type | and type Il IFN to
their receptors, IFN alpha/beta receptor (IFNAR1-IFNAR2) or IFN lambda receptor 1
(IFNLR1-IL10R2), respectively, results in a paracrine response and subsequent activation
of hundreds of IFN-stimulated genes (ISGs), which have antiviral activity and therefore
will protect neighboring cells from viral infection (10). Signaling events downstream of
IFNAR1-IFNAR2 and IFNLR1-IL10R2 are highly similar, despite the sequence and struc-
ture of these receptors being extremely different (11). These events include activation
of Janus kinase (JAK) family kinases, phosphorylation and dimerization of the signal
transducer and activator of transcription 1 (STAT1) and STAT2, association between
STAT complexes and interferon responsive factor 9 (IRF9) to form interferon-stimulated
gene factor 3 (ISGF3), and translocation of ISGF3 to the nucleus, where it binds to
specific DNA elements to induce ISG expression (12). Nevertheless, one important
difference which confers distinct functions to the two receptors is their cellular and
tissue distributions. While type Il IFN signaling is particularly important in the epithelial
surfaces of the respiratory tract, gastrointestinal tract, skin, liver, or the lining of the
blood-brain barrier (13), type | IFN receptor expression in tissues is ubiquitous. In
particular, expression of IFNLR1-ILTOR2 by respiratory epithelial cells has been shown to
be important for antiviral immunity against IAV in vivo and in cell culture (14-17).

Most of the viruses that infect humans have developed strategies to counteract the
innate immune system by diverse mechanisms. One of the best-characterized examples
is mediated by IAV nonstructural protein 1 (NS1). It is known that NS1 inhibits the
detection of viral RNA by interacting with RIGI (18) and with the ubiquitin ligases
TRIM25 (19) and RIPLET (20), which leads to reduced IRF3 and NF-«B activation and
decreased type | IFN production. NS1 also binds directly to double-stranded RNA
(dsRNA) and sequesters it, preventing recognition and activation of the 2’,5'-oligo(A)
synthetase (OAS)-RNase L pathway (21) and the type | IFN-induced protein kinase RNA
activated (PKR) (22, 23, 24). NS1 has also been shown to counteract immune cellular
responses by interacting with the RNA posttranscriptional processing machinery (25-
28) and to promote translation of viral mMRNA (29-32). NS1 is involved in the regulation
of phosphatidylinositol 3-kinase (PI3K) activation by binding to the p858 subunit (33,
34). Additionally, the C-terminal tail of H3N2 NS1 was found to act as a histone tail
mimic and reduce host transcription (35). Other viral components in addition to NS1
may also contribute to viral immune antagonism. For example, the hemagglutinin
(HA)-encoding segment of pandemic IAV has been reported to suppress immunogenic
cell death (36). The PB1-F2 and PB2 viral proteins have been shown to prevent
mitochondrial antiviral-signaling protein (MAVS) activation and IFN induction (37, 38),
and the PA-X protein has been reported to degrade cellular mRNA (46).

Therefore, there is a complex interplay between the innate immune responses
elicited in the cell and how the virus counteracts this cellular response. Many aspects
of the dynamics of the complex interactions that occur after IAV infection are not well
understood. In order to better understand these dynamics, we characterized expression
patterns of host and viral factors during IAV infection at the single-cell level. For these
studies we used human respiratory cells infected with IAV at a low or high multiplicity
of infection (MOI). First, time-lapse microscopy experiments showed MOI-dependent
expression of NS1 per cell. Next, the single-cell transcriptome analysis also showed
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FIG 1 MOI-dependent temporal expression dynamics of the NS1 protein (PR8-GFP virus) in human respiratory epithelial cells (A549 H2B-mCherry) using
time-lapse microscopy. Green indicates NS1 expression (GFP). The cell nuclei (H2B-mcherry) are depicted in red. (A) Time course from 3 to 12 hpi. One
representative field is shown for each MOI. (B) Quantification of the number of GFP-positive cells for the four MOls used (approximately 25,000 cells/well). For
MOI of 0.2, 0.6, and 2, averages of two replicate wells == SDs are shown. For infection at an MOI of 10 and mock infection, data from one single well are shown.
(C) Heat map showing the median of fluorescence intensity of the infected cells (GFP+ cells). (D) Table showing the measured percentages of infected cells
at 12 hpi, as well as the theoretical percentages of cells infected either with =1 virion (all infected cells) or >1 virion (multiple infections).

MOI-dependent expression of viral genes, with a negative correlation of the levels of
the viral NS1 and PA genes with cellular gene expression, and distinct patterns of type
I'and Il IFN and ISG expression in infected versus bystander cells. In addition, we found
that type Ill IFN responses have a component of paracrine induction in epithelial cells.
These findings were possible thanks to the use of single-cell transcriptome analysis,
which, in contrast to bulk analysis, allowed for the characterization of gene expression
profiles in infected versus bystander cells, as well as a stratification of the cellular gene
expression according to the levels of the expression of viral genes. Finally, we deter-
mined the time scales of the functional antiviral responses during the first two rounds
of IAV infection using a staggered IAV HIN1/H3N2 coinfection model in normal human
bronchial epithelial (NHBE) cells.

RESULTS

Temporal dynamics of NS1 IAV expression in epithelial cells. The IAV NS1
protein is one of the viral antagonists of host innate immune responses. We first
investigated the time scales of NS1 expression during IAV infection by time-lapse
microscopy in the A549 human epithelial cell line using a green fluorescent protein
(GFP)-tagged NS1-expressing virus (PR8-GFP) (40). A549-H2B-mCherry was used to
improve nucleus image segmentation accuracy in live imaging. We infected cells at
MOIs of 10, 2, 0.6, and 0.2 and captured images from 3 to 12 h postinfection (hpi), which
would mainly correspond to a single cycle of replication (41). As shown in Fig. 1A, with
an MOI of 10, cells expressing NS1 were detected as early as 4 hpi. However, as the MOI
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was reduced, we observed a delay in the detection of expression of NS1, with detection
at 5 hpi at an MOI of 2, 6 hpi at an MOI of 0.6, and 7 hpi at an MOI of 0.2. Quantification
of the percentage of infected cells in the time-lapse experiment is shown in Fig. 1B.
When we measured the median fluorescence intensity per cell in the infected cells
(GFP+ cells), we found that a higher MOI was associated with higher levels of NS1
expression per cell at every time point (Fig. 1C). This phenomenon can be explained by
the differences in the number of cells infected with multiple infectious viruses, which
will decrease with the MOI. According to the Poisson distribution [P(k) = e~MO(moik/
k!), where kis number of virus particles that infects each cell and P(k) the fraction of
cells that receive k particles], in a cell culture exposed to an MOI of 10 virtually all cells
would theoretically receive two or more virions, and this number is reduced as the MOI
diminishes to less than 2% with an MOI of 0.2 (Fig. 1D). Thus, both earlier and higher
NS1 expressions per cell were associated with increasing proportions of cells infected
by more than one virus.

Single-cell analysis of the innate immune response and viral antagonism
during IAV infection in respiratory epithelial cells. Based on the results from our
time-lapse microscopy experiments, we hypothesized that the MOI dependence of NS1
expression could have important implications for its antagonism of the innate immune
responses. Therefore, we performed single-cell RNA expression profiling (10X Genom-
ics) in the same A549/PR8-GFP system using an MOI of 2, at which around 59% of the
cells should be subjected to infections with more than one virus, and an MOI of 0.2,
which should result in a low percentage of cells infected by more than one virus (~2%).
First, we identified the genes that showed the largest fold increase in mean expression
(normalized unique molecular identifier [UMI] counts) across all cells in the infected
versus the mock-infected cultures (Fig. 2). None of the IFNA genes were among the
highly upregulated genes, indicating low levels of induction. As expected, most of the
identified upregulated genes were cytokine and chemokine genes and ISGs.

t-Distributed stochastic neighbor embedding (tSNE) visualization of the single-cell
data, followed by a clustering analysis (see Materials and Methods), was used to
examine the global expression profile of the single cells (Fig. 3). At 12 hpi, for each MOI,
we initially identified five clusters in the mock-infected cultures (Fig. 3A) and six clusters
in the |AV-infected samples (Fig. 3C and F). However, by comparing the differentially
expressed genes among the 5 clusters in mock-infected cultures and subsequent
pathway analysis using a Reactome Pathway Database tool (42) (Fig. 3B), we found that
this phenomenon was mostly due to genes involved in cell cycle. Part of the clustering
identified in the mock-infected cultures also mediated the clustering in the infected
cultures (heat maps in Fig. 3C and F). For instance, at an MOI of 2, cluster 2 (Fig. 3C)
seemed to show a clear separation from clusters 0, 1, and 4 and had 111 genes that
were differentially expressed than in those clusters. A pathway analysis of those genes
(42) identified that the main pathways represented were associated with cell cycle
processes (Fig. 3D). Therefore, in order to extract the information relevant to this study,
we collapsed some of these clusters according to the expression of viral genes and
genes associated with the innate immune response. As a result, we defined three new
clusters for each MOI as depicted in Fig. 3E and G. For both MOIs, the red cluster is
composed mostly of cells showing undetectable or low levels of viral MRNA expression.
The green and blue clusters showed expression of viral genes; therefore, they are
composed mostly of infected cells. Cells in the blue cluster (also for both MOls) showed
higher expression of type | and type Il IFNs as well as chemokines such as CCLS5,
CXCL10, and CXCL8 (Fig. 3E and G, bottom sections of the heat maps) than the green
cluster and, as expected, than the red cluster (which is mostly composed of bystander
cells). Interestingly, at an MOI of 2, cells belonging to the blue cluster clearly showed
lower expression of viral genes, suggesting that they might experience a lower antag-
onist effect leading to a higher IFN production (Fig. 3E). Another interesting observation
was that the red cluster showed overall higher expression of ISGs such as IFIT1, IFI27,
and IFITM1 (Fig. 3E, top section of the left heat map) than the infected cells. A similar
pattern was found at an MOI of 0.2. However, at this MOl we did not find clear
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FIG 2 Single-cell RNA transcriptome analysis of PR8-GFP-infected epithelial cells. A heat map shows the
expression levels of the 50 markers with the highest upregulation in infected versus mock-infected
cultures (mean UMI count for each sample compared to value for the time-matched mock infection).

differences in the expression of viral genes between the blue (cells producing high
levels of IFN) and the green clusters (Fig. 3F). Cells infected for 4 h showed profiles very
similar to those of mock-infected cells, with the exception of the presence of low
numbers of infected cells and few innate immune genes as differentially expressed
genes at an MOI of 2 (data not shown). Therefore, we focused most of our subsequent
analysis on the 12-h time point.

Given the distinct patterns of gene expression of cellular and viral genes among the
different groups, we tested whether there was an MOI-dependent expression pattern
of all viral genes as we found for NS1 by time-lapse microscopy. Consistent with those
findings, we found that at an MOI of 2, there was a higher level of expression of total
viral RNAs per cell than at an MOI of 0.2 (Fig. 4A). At 12 h, there was a clear gap in the
detection of viral RNAs between bystander cells (0 viral UMI) and infected cells (over
648 and 349 at 2 and 0.2 MO, respectively), which allowed for better differentiation
between these two groups in the culture in subsequent analyses. Approximately 86%
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FIG 3 tSNE visualization, unsupervised clustering analysis, and heat maps showing the most differentially expressed genes identified by single-cell RNA
sequencing in mock-infected cultures (A) and infected cultures (C, E, F, and G) at 12 hpi. This clustering strategy resulted in 5 clusters in the mock-infected
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and 20% of infected cells were identified at MOlIs of 2 and 0.2, respectively, at 12 hpi.
Next, we analyzed the levels of the different IAV genes per infected cell. As shown in
Fig. 4B, cells infected with a high MOI contained more viral UMIs/cell that those infected
with a low MOI, supporting the hypothesis that multiple infections per cell result in
increased level of viral proteins. Interestingly, and in accordance with previous reports
(43-45), we found great heterogeneity in the numbers of viral transcripts across the
cells in infected cultures for both MOls.

Subsequently, we investigated the implications of the MOI-dependent expression of
viral genes in the innate immune response elicited in infected cultures. We analyzed the
correlation between the viral and cellular transcripts that we found to be upregulated
during IAV infection. As shown in Fig. 4C, we observed that at the high MOI, most of
the viral genes had a negative correlation with cellular genes, with the exception of the
NP and HA genes. At an MOI of 0.2, only the NS and PA genes showed a negative
correlation with most of the cellular genes. In both cases, the viral genes that showed
the strongest negative correlation with cellular genes were the NS and PA genes,
supporting the conclusion that viral proteins encoded by these genes might have an
important function as negative regulators of transcription of cellular genes. This effect
is more evident with an elevated MOI, due to high levels of expression of viral genes
per infected cell. Interestingly, the NS gene encodes the known innate immune
antagonist NS1 protein, while the PA gene encodes the PA protein, which is part of the
polymerase complex, and the PA-X protein and is also known to repress cellular gene
expression (46, 47). In conclusion, we found that the expression of viral proteins per cell
is MOI dependent—due to infection by multiple viruses per cell at the higher MOl—
and is associated with reduced transcription of cellular innate immune genes.

Infected and bystander cells show differential host gene expression profiles.
Single-cell transcriptome analysis allows us the unique opportunity to tease out
differences in the immune responses of infected cells, mainly elicited by sensing and
autocrine signaling, and bystander cells, mainly elicited by paracrine signaling. We
compared the distributions of gene expression in infected and bystander cells. The ratio
of the expression of the top upregulated genes identified in Fig. 2 between infected
and bystander cells was calculated (log, fold change of the mean UMI count per cell in
infected over bystander cells) and sorted according to the average of the results for the
two MOIs (Fig. 5A). We also selected and included in this panel 10 additional genes that
were upregulated over mock-infected cultures and had the lowest ratio between
infected and bystander cells (log, fold change of the mean UMI count per cell in
infected over bystander cells). There was a consistent pattern of expression across all
genes, where a lower ratio between infected and bystander cells was found at the high
MOI than at the low MOI. In addition, a gradient in the ratio of the expression of those
genes between infected and bystander cells was observed at both MOIs. Visualization
of the expression of those genes (log, UMI mean) in infected and bystander cells (Fig.
5B) indicated that this pattern is probably due to a combination of different mecha-
nisms of gene activation and different levels of susceptibility to virus antagonism.
Genes depicted toward the left axes of the plot in Fig. 5B showed expression in infected
cells that was similar to or lower than in bystander cells, consistent with a paracrine
mechanism of activation, as known for most of the ISGs. Frequently, the expression of
these genes, such as the BST2 (tetherin), TRIM22, OAS2, IFI127, and IFITM2 genes, was
lower in infected cells than in bystander cells, with this effect being more evident at the

FIG 3 Legend (Continued)
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cultures (A), mostly due to differences in genes associated with cell cycle as shown by a Reactome pathway Database analysis (42) (B). The most represented
pathways for each cluster (up to 4 per cluster) are depicted (P < 0.001; cluster 0 analysis did not yield any significant pathway). Some of these genes also
mediated clustering in infected cultures, resulting in 6 different clusters at MOIs of 2 and 0.2 (C and F). (D) The 10 most relevant pathways (sorted by P value)
identified by a Reactome pathway Database analysis of the 111 genes or entities that were differentially expressed between cluster 2 and clusters 0, 1, and
4 of the sample infected at an MOI of 2. (E and G) The three clusters generated after manual curation of the samples infected at MOls of 2 and 0.2: infected
cells producing high levels of IFN (blue), infected cells producing low levels of IFN (green), and mostly uninfected cells (red). The scale of the heat maps shows
the gene expression of each gene in each cell relative to the mean expression of that gene across the sample (note that expression levels between different

samples cannot be compared, as they are normalized across the cells in each sample).
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MOI of 2 (Fig. 5B). As an example, detailed data for BTS2 are shown in Fig. 5C. Genes
positioned toward the right axis of these plots had greater expression levels in infected
than in bystander cells. Most of these genes are known to be induced in an autocrine
manner, such as the genes for type | and Ill IFNs and chemokines such as CCL5 (48),
interleukin 6 (IL-6) (49), and CXCL10 (50, 51). However, we found several ISGs, such as
IFIT2, RSAD2 (or viperin), OASL, and IFIH1 (or MDAS5), that were expressed at higher
levels in infected versus bystander cells, suggesting that in addition to being induced
upon IFN signaling, they can also be strongly induced directly upon viral sensing in an
autocrine manner. Consistent with this hypothesis, increased expression of these four
genes was already detected at 4 hpi at both MOIs (Fig. 2). Detailed data for IFIT2 and
IFNB1 are shown in Fig. 5C as a representative example of increased expression in
infected versus bystander cells. An autocrine component of activation of these ISGs
might be of high importance for early innate immune responses to IAV.

Early innate immune responses are dominated by type Il IFN gene expression.
We also analyzed the distribution of type | and type Ill IFN gene expression in infected
cultures at the single-cell level. As can be observed in Fig. 6, we found that the
expression of IFNB1 was restricted to a group of infected cells at both MOlIs (corre-
sponding to the blue group in the tSNE plots in Fig. 3E and G). A similar pattern was
observed for IFNL2, IFNL3, and IFNL4. Interestingly, in the case of IFNL1, while high
levels of expression in that specific group of cells were also found, there was a broader
pattern of induction of expression among the rest of the cells in the culture, including
both infected and bystander cells. At an MOI of 2, there was another small group of
infected cells located at the left side of the green cluster (which in general expressed
low levels of IFN and chemokines) in the tSNE plots that demonstrated high induction
of IFNB1 and IFNL1 to -4. As described above, the preliminary cluster to which these
cells belong was formed by the differential expression of genes associated with cell
cycle, resulting in a different classification of those few cells than the ones in the blue
group (which was characterized by infected cells with high expression of IFN and
chemokines).

Quantification of the levels of expression of these type | and Ill IFN genes and
comparison among the three clusters are also shown in Fig. 6. Interestingly, at an MOI
of 2, the levels of expression of IAV NS were lower in the blue cluster than in the green
cluster, both of them composed mostly of infected cells. The blue cluster again showed
elevated levels of expression of all IFN genes, while the cells in the green cluster
showed overall levels very similar to those of the red cluster of bystander cells.
Consistent with the tSNE visualization, expression of IFNL1 in cells in the red and green
clusters was higher than that of IFNB1, IFNL2, IFNL3, or IFNL4. At an MOI of 2, virtually
all the cells in the culture expressed IFNL1, albeit to variable levels.

Thus, using single-cell resolution transcriptome analysis, we identified a differential
pattern of expression between type | and type Il IFN systems during virus infection in
epithelial cells. The pattern of IFNL1 expression identified in the single-cell expression
analysis was consistent with a paracrine mechanism of activation in a large number of
IFNL1-expressing bystander cells, in addition to the well-described autocrine induction
upon virus sensing (11). In search of possible inducers of the paracrine expression of
IFNL1 induction, we stimulated A549 cells with IFN beta, IFNL1, tumor necrosis factor
alpha (TNF-a), or these cytokines combined (Fig. 7). However, we did not detect
induction of IFNL1 under any of these conditions, suggesting that other factors released
to the medium during infection may be responsible for the broad pattern of expression
identified by single-cell analysis.

FIG 5 Legend (Continued)

(C) Violin plots of normalized UMI count for selected genes at 12 hpi in infected and bystander cell populations at high and low MOls.
Each dot represents a cell. The red line reflects the mean value of normalized UMI count across a cell population. The vertical gray
line is a box-and-whisker plot representing the median (white circles), the 25th and 75th percentiles (ends of thicker gray lines), and
high and low whiskers at 1.5 times the interquartile range (ends of the thin gray lines). In order to better highlight differences in the
cell populations while still including zero values, for the y axis, we applied a linear scale for values greater than or equal to 0 and less

than 1 and a log,, scale for values greater than or equal to 1.
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comparisons among clusters (95).%, P value < 1025 to 10~'9%; **, P value 1070 to 10~290; *** P value < 10200,

Early innate immune responses restrict virus replication in IAV-infected human
primary respiratory epithelial cells. Our results show that IAV infection at a low MOI
results in induction of antiviral ISGs in bystander cells that potentially protect them
from viral infection. In order to address the magnitude and timing of the antiviral
response induced in bystander cells during IAV infection at a low MOI using primary
human respiratory epithelial cells, we established a model of staggered IAV HIN1/H3N2
coinfections in normal human bronchial epithelial (NHBE) cells in an air-liquid interface
(1). Using two similar, but distinguishable, viruses to infect cell monolayers at different
times allows the analysis of how the antiviral response induced after the first infection
affects subsequent infection by the second virus. The design of the experimental
protocol is depicted in Fig. 8A. First, we infected NHBE cells with the HIN1 virus
A/California/04/2009 at an MOI of 0.05, and then we characterized profiles of gene
expression and virus replication throughout a 48-h time course. Using plaque assays
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FIG 7 Stimulation of A549 cells with TNF-e, IFN beta, IFNL1 (100 U/ml), or combinations of those cytokines or infected with PR8-GFP (MO, 2) for 8 h. Induction
of IFNL1 was not detected upon stimulation with those cytokines by qRT-PCR. Gene expression of the indicated genes (IFNs, with Mx1 and CCL5 to confirm
the effectiveness of the treatments) was analyzed. Averages of biological triplicates = SDs are shown.

(Fig. 8B), we established that the initial release of HIN1 infectious particles was
detected at 12 hpi, peaked at 24 to 36 hpi, and declined after 48 hpi. We next
analyzed the kinetics of expression of a comprehensive panel of innate immunity-
associated genes by quantitative reverse transcriptase PCR (gqRT-PCR). Notably, we
detected early upregulation of IFNB1, at around 4 hpi, as well as upregulation of
IFNL1, IFNL2, and IFNL3, while changes in IFNA expression remained undetected
(Fig. 8C). Interestingly, I1SGs, including IFIT2, CXCL10, RIGI, and Mx1, were also
detected very early after infection (4 to 12 hpi [Fig. 8D]). Therefore, these results
demonstrate an early expression of type | and type Ill IFN and ISGs during IAV
infection in epithelial cells.

In the same experiment, additional samples were first infected with H1N1 virus, and
then the H3N2 virus A/Wyoming/03/2003 was added at an MOI of 0.05 at selected
times points post-HTNT infection in the presence of the H1 neutralizing antibody 7B2
(Fig. 8A), which is specific for the head region of the A/California/04/2009 isolate and
restricts its subsequent rounds of infection. Washes from the apical chamber were
collected to assess viral replication at 1, 12, 24, and 48 h after H3N2 infection. The viral
titers (PFU) measured after H3N2 infection correspond with H3N2 replication only, since
the anti-H1 antibody restricts infections with HIN1 viruses. We used changes in those
H3N2 titers as an indicator of the functional antiviral response induced by the previ-
ously added H1NT virus. As both HIN1 and H3N2 viruses were added at a low MOI,
numbers of coinfections were negligible. Control experiments demonstrated that the
neutralizing antibody 7B2 inhibited H1N1 replication as measured by plaque assay and
immunostaining (data not shown). Thus, in this experiment we measured levels of
H3N2 replication in bystander cells exposed to paracrine effects from H1N1-infected
cells. Analysis of the impact of the innate immune response induced by the initial HIN1
IAV infection on the replication of the subsequently added H3N2 virus showed that
adding the H3N2 virus at 2 or 4 hpi resulted in a replication profile very similar to that
obtained with the H3N2 single infection. Interestingly, we found a significant decrease
in the H3N2 replication titers (48 h post-H3N2 infection) when this virus was added as
early as 8 and 12 h post-HIN1 IAV infection. As expected, we observed a greater
reduction of the H3N2 IAV replication as the time of addition post-H1N1 AV infection
increased to 24 h or 48 h. To confirm that after infection with the HIN1 virus there was
still a sufficiently large number of uninfected cells that could be potentially infected by
the H3N2 virus, we performed immunofluorescence staining of NHBE cells infected by
H1N1 under the same conditions. Visualization and quantification of complete wells
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FIG 8 Analysis of the functional antiviral response induced by IAV in differentiated NHBE cells using a HIN1/H3N2 coinfection assay. (A) Scheme of the
experimental setup and time line. (B) Replication profile of HIN1 (Cal09) infection of NHBE cells. (C and D) Expression of type | and Ill IFN and ISGs in NHBE
cells in cultures infected with the HIN1 IAV or mock infected. (E) Impact of the innate immune response induced by H1N1 IAV infection on the replication of
the H3N2 virus. Averages of biological triplicates = SEMs are shown. Two-way analysis of variance (ANOVA) and Tukey’s multiple-comparison test were used.
Adjusted P values are shown as follows: *, <0.05; **, <0.01; and ***, <0.001. (F) Immunofluorescence assay of H1N1-infected NHBE cells, showing a time course
analysis of the progression of viral infection.

indicated the presence of 1.23% =+ 1.32%, 3.2% * 1.37%, and 6.01% = 3.00% infected
cells at 12, 24, and 48 hpi, respectively (Fig. 8F), indicating that most cells were available
for infection upon exposure to the second virus. Therefore, these data indicate that
early IFN responses elicited during initial viral infection are effective as early as 8 to 12
hpi and are critical for a functional antiviral response in bystander cells.
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DISCUSSION

The innate immune response is one of the first mechanisms of host defense against
viral infections. In order to successfully establish infection in humans, viruses such as
IAV have developed strategies to counteract this system. While extensive research on
the genes involved in antiviral responses and on IAV antagonism has been performed,
the global virus-host interaction and its consequences at the individual cell level are still
not well understood. In this study, we performed a deep analysis of these interactions
and their functional consequences in respiratory epithelial cells, which are main targets
of AV replication.

Our analysis of the dynamics of NS1 expression showed an MOI-dependent expres-
sion of this important innate immune antagonist protein in infected cells. Similarly, we
found that the levels of all IAV genes per infected cell were more elevated when cells
were exposed to a high MOI than to a low MOI, most likely due to differences in the
numbers of cells being initially infected with multiple virions. Under physiological
conditions, the first round of infection of the respiratory epithelia by IAV would be
mediated by a few virus particles, so probably infected host cells receive only one
infectious virus. This is consistent with the very low number of viruses shown to be
responsible for initation of infection in ferrets (53) and humans (54). However, as
infection progresses, infection of neighboring cells is likely mediated by more than one
virus originating from the infected cells, with lower numbers of viruses reaching cells
farther away from the initially infected cells. Thus, we expect to find both single-virus-
and multiple-virus-infected cells during human IAV infections. Interestingly, as found by
a correlation analysis of the viral genes versus a panel of innate immune genes, NS
shows a consistent negative correlation with the transcription of most of the innate
immune genes. This negative correlation is clearly more enhanced in cells infected with
multiple viruses (high MOI) than in those infected with single viruses (low MOI),
suggesting that the number of virions that infect each individual cell has important
consequences for the ability of the virus to counteract the innate immune response in
that cell (see model in Fig. 9). Therefore, our results suggest that viral IFN antagonism
might be less effective during the initial stages of infection in the context of humans
infected with a virus, when cells are impacted by single virus particles. During viral
infection, the concentration of viral particles released grows exponentially, reaching
levels up to 105 to 107 50% tissue culture infective doses (TCIDs,)/ml (55, 56). At this
level of replication in the respiratory tract tissue, it is highly probable that many cells
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get infected with multiple viruses, which would enhance the ability of IAV to suppress
the innate immune response in vivo and at the same time favor the reassortment of IAV
genes, an important evolutionary force for IAV.

NS1 has multiple functions to antagonize the cellular response. One of the best
characterized is its ability to inhibit virus sensing by RIGI, either by sequestering dsRNA
or by direct interaction with RIGI or TRIM25 (19, 57-59). Related to this, we found IFNB1,
all type Ill IFNs, and other cytokines and chemokines among the genes that correlated
negatively with the levels of NS at the high MOI. However, we found that gene
expression was affected at a general level, suggesting a global inhibition of the
transcription of the innate immune genes. Also, when we compared the gene expres-
sion profiles in infected versus bystander cells, we found a group of genes, presumably
induced in a paracrine manner, that were expressed at lower levels in infected than in
bystander cells, probably due to virus transcriptional antagonism. While a combination
of viral factors could be responsible for this global shutoff of host transcription, our data
suggest that NS1 might be associated with this phenomenon. There is evidence in the
literature that IAV infection results in reduced host transcription and mRNA processing
by inhibiting the host RNA polymerase Il (Pol Il) function (60, 61). Related to this, a
recent study found that several strains of IAV elicit global deregulation of Poll II
transcription termination by impairing 3’-end cleavage and termination, and this effect
was dependent on NST expression (62). These studies could partially explain the global
negative correlation that we found between viral genes and cellular genes. NS1
interactome studies have identified multiple additional interactions of NS1 with nuclear
proteins (63, 64), which could also have a global effect on cellular transcription. In
addition, another study that used a combination of modeling and experimental re-
search found that ISGs are specifically suppressed in IAV-infected dendritic cells
through the inhibition of multiple transcription factors (65). The second viral gene that
showed the strongest negative correlation with host genes in our analysis was PA.
Interestingly, in addition to encoding one subunit of the IAV polymerase, it has a
second open reading frame accessed by ribosomal frameshifting that results in the
expression of the protein known as PA-X (46). PA-X inhibits transcription of cellular
genes by selectively targeting host Pol Il transcribed mRNAs (66). Therefore, it is
possible that the global negative correlation is a consequence of the expression of NS1
and PA-X in infected cells. Further investigation will determine if this effect is similar for
other IAV strains or if it is strain specific, which will shed light into possible unknown
mechanisms for virus-mediated host transcription inhibition.

The interaction between virus infection and the host response was further charac-
terized in our study by comparing the gene expression profiles in infected and in
bystander cells. Several genes, including the IFIT2, OASL and RSAD2 (also known as
viperin) genes, with known antiviral activity (67-70), and IFIH1 or MDAS5, which con-
tributes to viral sensing (71), showed higher expression in infected versus bystander
cells, suggesting that these ISGs, in addition to being inducible by type I or Ill IFN, have
also an autocrine component of activation. Indeed, the induction of some ISGs was
detected as early as 4 hpi (Fig. 2), with such an early upregulation consistent with direct
induction by viral infection. This is in contrast to the highly accepted concept that type
| or type Il IFN signaling is necessary for the induction of antiviral genes (57, 72), with
a few exceptions such as ISG15 and CXCL10 (73-75). The well-described mechanism of
activation of transcription of ISGs upon type I/Ill IFN induction involves assembly and
translocation to the nucleus of ISGF3, which binds to the DNA sequences in the
promoters of ISGs known as interferon-stimulated response elements (ISRE) (10). Inter-
estingly, Daly and Reich found two complexes in addition to ISGF3, interferon respon-
sive factor 3 (IRF3) and the transcriptional coactivator CREB-binding protein (CBP)/p300,
which could recognize ISRE sequences and activate transcription upon dsRNA stimu-
lation in the absence of IFN (73, 76). The abilities of these transcription factors to
interact with ISRE differ among various ISGs, due to variations in their DNA sequences.
A later study identified IFIT2, ISG15, IFIT3, IFIT1, and GBP1 as IRF3 target genes (77). With
the exception of these highly informative studies, literature in this specific topic is
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scarce. Therefore, direct induction of ISGs in infected cells might be an important player
in promoting effective early antiviral responses.

The analysis of the distribution of expression of type | and Ill IFNs also provided very
interesting observations. First, consistent with previous reports (78-80), only a small
population of infected cells produced high levels of IFN. NS1 protein could differentially
inhibit the IFN response across the infected cells in the culture according to the NS1
intracellular levels, which could be determined by the number of virions infecting the
cells. Related to this, at the MOI of 2 we found that the cluster of cells expressing IFN
at high levels (Fig. 6A) presented lower levels of the NS gene than the rest of the
infected cells. Another possibility is the presence of low levels of defective interfering
(DI) particles in the virus stock, which are known to be strong inducers of IFN (81). While
virus stocks were carefully prepared to avoid the presence of DI particles, some
presence of them cannot be ruled out. However, if a large deletion is present in one
segment of a virus, mRNA for the proteins that segment encodes would not be
successfully transcribed in the cell infected by that virus. Related to this, we found that
at MOIs of 2 and 0.2, 100% and 99.9% of the infected cells, respectively, presented all
the different RNA transcripts from the virus, suggesting a low probability for the
presence of DI particles in the virus stock. Interestingly, a recent study that used an
elegant approach to perform combined cellular and viral single-cell RNA sequencing in
IAV-infected A549 cells found that increased proportions of viral defects or mutations,
and specifically defects or deletions in NS, were highly associated with increased
expression of IFN among infected cells (80).

Our single-cell sequencing data also showed that while the expression of most of
the type | or Il IFN is restricted to that small cell population, IFNL1 is more widespread,
since it is expressed by most of the infected cells and also in the bystander cells, albeit
to lower levels. The mechanism for IFNL1 induction in bystander cells is consistent with
a paracrine response involving host factors secreted from virus-infected cells. Interest-
ingly, Ank et al. (82) found that HepG2 cells (a human liver carcinoma cell line) showed
upregulated expression of IFNLT and IFNL2/3 upon treatment with either type | or type
I IFN. However, in our study we did not detect induction of IFNL1 by those cytokines
in A549 cells. These different results could be a consequence of the different cell types
used in their study or of limits of detection. While human type | and type Ill IFNs are
known to be induced by direct virus infection by similar transcription factors, their
promoters are significantly different. There are 13 subtypes of human IFNA genes, and
they are regulated by IRF3 and IRF7, which bind a cluster of transcription sites in the
promoters with different affinities (83, 84). However, the regulation of expression of
IFNB1 is more tightly regulated by the coordinated binding of multiple complexes of
transcription factors, specifically IRF3/IRF7, nuclear factor kB (NF-«B), and activator
protein 1 (AP1), to the positive regulatory domains (PRD) of the enhanceosome (85).
The type Il IFN has been more recently described, given its later discovery (86, 87).
Human IFNL2 and IFNL3 are almost identical and have highly similar promoters (86, 87).
IFNL4 is expressed in only a fraction of the human population, due to a widespread
genetic polymorphism introducing a 5’-proximal frameshift (88). All IFNL promoters
have binding sites for NF-kB and for IRF3/7, with some differences among them. In
general, the literature suggests that IFNL promoters are more flexible than the type |
IFN promoter (8), which agrees with the broader distribution of type Ill IFN found in our
study, and that NF-«B plays an important role in its activation. IFNL1 regulation is very
divergent from IFNL2/3 (13). IFNL1 has a distal cluster of NF-«B binding sites upstream
of the promoter, and engagement of these sites by NF-«B transcription factors is
enough to activate its expression (8, 89). Additionally, IFNL1 promoter can be activated
by IRF and NF-«kB factors independently through the separated elements, although
engagement of both is necessary for the highest levels of expression (89). Therefore,
the paracrine induction of IFNL1 could be due to its promoter organization, which is
unique among the rest of the type | or type Il IFNs. Alternatively, additional binding
sites for transcription factors yet unidentified could be present in the IFNL1 promoter,
which could contribute to the unexpected paracrine induction of this gene. The broad
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expression of IFNL1 suggests a possible mechanism of amplification of the antiviral
response in IFNLR1-IL10R2-expressing tissues, such as the respiratory epithelium, dur-
ing IAV infections.

Our study also highlights the appropriateness of single-cell transcriptome analyses
to better understand the processes governing virus-host interactions. In this study, this
technology allowed for the identification of patterns of expression of IFN genes and
ISGs in infected cultures, suggesting that the ability of a cell to secrete IFN and the
degree of their antiviral capacity are associated with multiple factors, such as their
infection state and the levels of the expression of viral genes. These issues cannot be
addressed by the use of bulk analysis. Given the recent development of this type of
technology, only a few studies have been reported to date applying them to IAV
infection. Two recent in vitro studies focused on the heterogeneity of viral transcripts
during IAV infection in epithelial cells and on the characterization of virus species
triggering the immune response (43, 80). In these studies, very low induction of the
expression of innate immune genes was found, probably due to the use of a low MOI,
which minimized the presence of coinfections as required by the type of questions
addressed. An interesting in vivo study also addressed similar questions but focused
mostly on the heterogeneity of infection and innate immune responses across multiple
cell types (45).

We also find that early innate immune responses developed after IAV infection at
low MOls are efficient at inhibiting subsequent infection of bystander cells. If the virus
overcomes this first barrier and propagates in the tissue by multiple viruses infecting
the same cells, the virus would more efficiently block the innate immune response in
infected cells and hypothetically could replicate more efficiently as infection pro-
gresses. Therefore, this report provides insights into how the dynamics of the interplay
of IAV immune antagonism and innate immune response can change as the number of
viruses infecting single cells increases in the respiratory epithilium after the early stages
of infection.

MATERIALS AND METHODS

Cell culture. Human adenocarcinoma A549 and Madin-Darby canine kidney (MDCK) cells were
purchased from the ATCC and cultured in Dulbecco’s modified Eagle medium (DMEM, Gibco) and
minimal essential medium (MEM; Gibco), respectively, supplemented with 10% fetal bovine serum (FBS;
VWR), L-glutamine, and penicillin-streptomycin (Gibco).

Improvement of cell nucleus segmentation for microscopy and image processing was achieved with
the generation of A549 cells stably expressing an mCherry fluorescent protein-fused histone H2B (A549
H2B-mCherry cells). The H2B-mCherry expression plasmid was a gift from Robert Benezra (Addgene
plasmid number 20972) (90). Human embryonic kidney (HEK) 293T cells were cotransfected with
H2B-mCherry plasmid in combination with 3rd-generation lentiviral packaging plasmids pMDLg/pRRE,
pRSV-Rev, and pMD2.G (gifts from Didier Trono; Addgene plasmids 12251, 12253, and 12259). The
resulting lentiviral particles were used to transduce A549 cells. Single-cell clonal selection was performed,
and a selection of monoclonal candidates was tested against wild-type A549 cells to discard phenotypic
abnormalities.

Primary normal human bronchial epithelial (NHBE) cells were purchased from Lonza. Progenitor cells
were expanded and differentiated as previously described (1). Briefly, cells were expanded in bronchial
epithelial cell growth medium (BEGM; Lonza) and then cultured in 12-mm Transwell filters (Corning) for
4 to 6 weeks in a 1:1 BGEM-DMEM mixture (differentiation medium) supplemented with retinoid acid
(sigma) at a final concentration of 15 ng/ml.

Preparation of virus stocks. IAV strains A/California/4/2009 (H1N1), A/Wyoming/03/2003 (H3N2),
and A/Puerto Rico/8/1934 expressing NS1 fused to green fluorescent protein (PR8-GFP) were propagated
in specific-pathogen-free embryonated hens’ eggs (Charles River Laboratories) (91). Infectious titers of
IAV stocks were determined by standard plaque assay on MDCK epithelial cells. For infections of A549
cells, infectivity was measured by influenza virus hemagglutinin (HA) staining and automated imaging
using a Celigo imaging cytometer (Nexcelom), and the titer was adjusted to obtain approximately the
expected infectivity for each multiplicity of infection (MOI) according to the Poisson distribution.

Infections. Infections of A549 H2B-mCherry cells for real-time microscopy and single-cell transcrip-
tome sequencing analysis was performed up to 12 h postinfection (hpi) to capture the first replication
cycle of IAV. Cells were plated the day before the experiment in 24-well plates. Virus inoculum was
prepared in phosphate-buffered saline (PBS), and 100 wl was added to the cells. After 1 h at 37°C, the
inoculum was removed and Eagle’s MEM (EMEM; Lonza) supplemented with 5% NaHCO,, penicillin-
streptomycin (Gibco), L-glutamine (Gibco), and 1% FBS was added to the cells. Cell culture plates were
then placed in the 37°C, 5% CO, chamber of the Zeiss LSM 880 Airyscan microscope for subsequent
imaging or collected at the desired time points for single-cell RNA transcriptome analysis.
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TABLE 1 Primers used for analysis of gene expression by qRT-PCR

Gene Forward sequence Reverse sequence

IFNA2 CTTGCCCGTATTTTTAGGAC TGACAGAGACTCCCCTGATG
IFNB1 GTCAGAGTGGAAATCCTAAG ACAGCATCTGCTGGTTGAAG
IFNL1 GCCTCCTCACGCGAGACCTC GGAGTAGGGCTCAGCGCATA
IFNL2 TCTGGAGGCCACCGCTGACA TGGGCTGAGGCTGGATACAG
IFNL3 TGGCCCTGACGCTGAAGGTT CGTGGGCTGAGGCTGGATAC
IFIT2 CGTGGGAACCTGGTGACTAA TCGTTCCAAGCATACCGTGA
IFITM1 CTATGCCTCCACCGCCAAGT TGTCACAGAGCCGAATACCA
IFITM3 TGGTCCCTGTTCAACACCCTC CCCTAGACTTCACGGAGTAGGC
CXCL10 TCCCATCACTTCCCTACATG TGAAGCAGGGTCAGAACATC
IRF7 GGTGTGTCTTCCCTGGATAG GCTCCAGCTCCATAAGGAAG
I1SG15 TGGACAAATGCGACGAACCTC CTGCGGCCCTTGTTATTCCTC
Mx1 CGTGGTGATTTAGCAGGAAG TGCAAGGTGGAGCGATTCTG
OAS1 TTTGATGCCCTGGGTCAGTT GTGCTTGACTAGGCGGATGA
RIG-I AAAGCCTTGGCATGTTACAC GGCTTGGGATGTGGTCTACT
CCL5 AAGCTCCTGTGAGGGGTTGA TTGCCAGGGCTCTGTGACCA
CCL8 GTTAAATCTGGCAACCCTAG CAACATCACTGTGAGGTAAG
RPS11 GCCGAGACTATCTGCACTAC ATGTCCAGCCTCAGAACTTC
ACTB ACTGGAACGGTGAAGGTGAC GTGGACTTGGGAGAGGACTG
TUBA1B GCCTGGACCACAAGTTTGAC TGAAATTCTGGGAGCATGAC

NHBE cells were washed 10 times with PBS prior to infection in order to remove mucins. The virus
inoculum was prepared in PBS, and 200 ul (or PBS for mock-infected samples) was added per well. After
45 min, the inoculum was removed, cells were washed with PBS, and the PBS was removed, so the
infection progressed in an air-liquid interphase. The infections with the H3N2 virus were done in a 200-ul
inoculum in combination with 20 ug/ml of anti-H1 neutralizing antibody 7B2, specific for the head of
A/California/4/2009 (52). Cells were incubated in the presence of this mixture for 45 min, and this mixture
was subsequently removed. Then cells were washed once with PBS and an additional 30-min incubation
with 20 ug/ml of anti-H1 antibody in PBS was performed, after which the antibody was removed and
cells were incubated in an air-liquid interphase for the appropriated times. This protocol was tested first
to ensure the inhibition of the HIN1 replication. Also, we confirmed that the addition of the 7B2 antibody
had no effect on the replication or the innate immune profile induced by the H3N2 virus. A pan-H3
monoclonal antibody, 9H10, was used to determine the titers of H3N2 viruses (92). At the specified time
points, 200 ul of PBS was added over the infected cells; PBS was collected after incubation for 15 min at
37°C for subsequent replication assessment by plaque assay. Cells were lysed and kept at —80°C for RNA
extraction and gRT-PCR analysis. All the NHBE cell infections were done in triplicate.

qRT-PCR. Quantitative reverse transcriptase PCR (qRT-PCR) was performed to measure gene expres-
sion levels as previously described (93), with some modifications. Briefly, RNA isolation was performed
using the Agencourt RNAdvance Cell v2 kit (Beckman Coulter). cDNA was synthesized from total RNA
with AffinityScript Multi-Temp RT (Agilent Technologies). PCR PlatinumTaq DNA polymerase and a SYBR
green (Life Technologies)-containing buffer were used for the PCR, which was performed in a thermo-
cycler (ABI7900HT; Applied Biosystems). The RPS11, TUBA1B, and ACTB housekeeping genes were used
as internal controls. All samples were run in triplicate and normalized to the median threshold cycle (C;)
value of the three corrected control genes in each sample, with the value converted to a nominal copy
number per cell by assuming 2,500 copies of ACTB mRNA molecules per cell and an amplification
efficiency of 93% for all reactions. In the NHBE cell experiment, results were then normalized to the 1-hpi
time point of its respective time course and log,, transformed. Primer sequences can be found in Table
1. Data analysis was performed using R version 3.3.1 and Rstudio.

Time-lapse microscopy. A Zeiss LSM 880 Airyscan microscope was used for the collection of the
PR8-GFP/A549 H2B-mCherry cell time-lapse microscopy images. A total of 25 images per well (in a
24-well plate) were collected every hour between 3 hpi and 12 hpi at a magnification of X20. Automated
quantification of the data was performed using custom-made MatLab scripts. Cells were segmented
using the H2B-mCherry nuclear tracker as mask. We optimized the tiling and tile stitching strategies for
the image acquisition, background reduction algorithms, and segmentation strategies. Data such as
position (x and y coordinates), median of fluorescence intensity of GFP (normalized to the maximum
fluorescence of each well), and infection status were extracted for each cell (>25,000 cells/well). The
graph and heat map in Fig. 1 were generated using R v3.3.1 and Rstudio.

Single-cell RNA sequencing. A549 H2B-mCherry-infected or mock-infected cells were detached
from the cell culture plates using trypsin-0.05% EDTA (Gibco), washed with cell culture media, and passed
through a 40-um cell strainer to prepare single-cell suspensions, and the final concentration was set at
1,000 cells/ul. We performed single-cell encapsulation with beads using the 10X Genomics Single Cell
3" v2 kit and following manufacturer instructions (10X Genomics, Pleasanton, CA). Briefly, a 10X
microfluidic chip was loaded to target 5,000 cells. Single-cell gel beads in emulsion (GEMs) were
generated, and reverse transcription was performed in the emulsion prior to 12 cycles of cDNA
amplification. Quality control and quantification of the amplified cDNA were assessed by Bioanalyzer.
Libraries were constructed according to the manufacturer’s instructions. Each library was tagged with a
different index for multiplexing during sequencing. Library quality controls were assessed by Bioanalyzer
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and quantified by Qubit and quantitative PCR (KAPA Biosystems quantification kit for Illumina platforms).
Sequencing was performed on an lllumina HiSeq 2500 (lllumina, Inc., San Diego, CA) using the following
read lengths: 26 bp for Read1 (cell barcode plus UMI), 8 bp for i7 index (sample index), and 98 bp for
Read2 (insert).

Data analysis of single-cell RNA sequencing. The following steps were followed for data prepro-
cessing and analysis. Paired-end reads from Illumina sequencing were aligned to a combination of the
human hg19 and viral PR8 genomes using the Cell Ranger (10X Genomics, Pleasanton, CA) pipeline. The
resulting unique molecular identifier (UMI) count matrices were automatically filtered to remove back-
ground and noncellular barcodes. Six samples representing MOIs of 2, 0.2, and 0 (mock) at 4 h and 12
h were analyzed. The numbers of cells sequenced were 6,758, 7,377, and 4,505 for MOls of 2, 0.2, and 0,
respectively, at 4 hpi and 4,579, 4,698, and 8,562 for MOlIs of 2, 0.2, and 0, respectively, at 12 hpi. Over
18,000 distinct genes were detected in each sample.

Sequencing analysis was performed using MATLAB and the single-cell sequencing analysis R package
Seurat (94). We filtered cells by requiring a minimum of 200 genes with nonzero UMI counts and filtered
genes by requiring a minimum of 3 cells with nonzero UMI counts. Cell UMI counts were then normalized
for all samples to 10,000 total UMIs per cell, excluding viral genes, as they undergo a separate
transcription procedure within infected cells. We performed principal-component analysis (PCA) to
reduce data dimensionality. A graph-based clustering approach was implemented over the first 10 PCA
dimensions to separate our cell populations into distinct clusters. Manual curation of these clusters was
then performed, with clusters combined to reflect the three relevant cell states we found to be present
in our samples: uninfected or bystander cells, infected cells producing high levels of IFN, and infected
cells producing low levels of IFN. Differentially expressed genes were determined for each cluster via a
nonparametric Wilcoxon rank sum test, with top markers included in heat maps for the samples at 12 h
after infection at MOIs of 2.0 and 0.2. To minimize the effect of rare barcode or sequencing alignment
errors, we require a raw UMI count greater than 1 for a gene to be considered expressed. Pearson
correlation coefficients were calculated between viral genes and cellular genes upregulated by viral
infection. Viral and cellular genes were then sorted by their median correlation coefficients against the
respective gene sets.

Pathway analysis was performed using the Reactome pathway Database (42), which uses a statistical
(hypergeometric distribution) test that determines whether certain Reactome pathways are overrepre-
sented.

Immunofluorescence assay in NHBE cells. We evaluated the infectivity of HINT IAV in NHBE cells
by immunofluorescence. Cells were fixed with 4% paraformaldehyde, permeabilized with 0.1% Triton
X-100, and blocked with 10% FBS in PBS. Next, cells were stained with an anti-HA (pan-HA group 1)
monoclonal antibody KB2 (39) and a secondary goat-anti-mouse IgG, Alexa Fluor 488 (A488; Invitrogen),
as well as a secondary goat anti-mouse IgG, Alexa Fluor 647 (A647; Invitrogen), and 4’,6-diamidino-2-
phenylindole (DAPI; Sigma). Images of complete Transwells (in triplicate) were collected using the
automated Celigo imaging cytometer (Nexcelom). The percentage of infected cells was calculated by
gating positive cells in A488 and A647 to minimize background noise, using the DAPI signal as a mask
for nucleus segmentation.

Cytokine stimulation experiments. A549 cells were stimulated with recombinant TNF-«
(Gibco), IFN beta (PBL Assay Science), IFNL1 (PBL Assay Science), or different combinations of these
cytokines for 8 h at 100 U/ml in EMEM supplemented with 5% NaHCO;, penicillin-streptomycin
(Gibco), L-glutamine (Gibco), and 1% FBS. Also, some cells were infected with PR8-NS1-GFP at an MOI
of 2 as a positive control. Cells were lysed and stored at —80°C for subsequent RNA extraction and
gRT-PCR analysis.

Data availability. RNA sequencing data are available at the GEO repository under accession number
GSE122031.

ACKNOWLEDGMENTS

This study was supported by PRIME (Program for Research on Immune Modeling
and Experimentation), an NIAID-funded Modeling Immunity for Biodefense Center
(grant U19 AI117873 to S.CS.,, AF.-S., AG.-S, RAA, EZ, BMH, IR, and CJ), and
partially supported by the Center for Research on Influenza Pathogenesis (CRIP;
HHSN272201400008C to A.F.-S. and A.G.-S.), an NIAID-funded Center of Excellence for
Influenza Research and Surveillance (CEIRS). E.A.C. was supported by the Post-
Baccalaureate Research Education Program (PREP) at the Icahn School of Medicine at
Mount Sinai (R25 GM064118).

We acknowledge Steven H. Kleinstein for insightful discussions.

Journal of Virology

REFERENCES
1. Ramos |, Bernal-Rubio D, Durham N, Belicha-Villanueva A, Lowen AC, 3. Kato H, Takeuchi O, Sato S, Yoneyama M, Yamamoto M, Matsui K,
Steel J, Fernandez-Sesma A. 2011. Effects of receptor binding specificity Uematsu S, Jung A, Kawai T, Ishii KJ, Yamaguchi O, Otsu K, Tsujimura T,
of avian influenza virus on the human innate immune response. J Virol Koh CS, Reis e Sousa C, Matsuura Y, Fujita T, Akira S. 2006. Differential
85:4421-4431. https://doi.org/10.1128/JVI.02356-10. roles of MDA5 and RIG-I helicases in the recognition of RNA viruses.
2. Reference deleted. Nature 441:101-105. https://doi.org/10.1038/nature04734.

October 2019 Volume 93 Issue 20 e00559-19

jviasm.org 19


https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE122031
https://doi.org/10.1128/JVI.02356-10
https://doi.org/10.1038/nature04734
https://jvi.asm.org

Ramos et al.

4.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

October 2019 Volume 93

Liu Y, Olagnier D, Lin R. 2016. Host and viral modulation of RIG-I-
mediated antiviral immunity. Front Immunol 7:662. https://doi.org/10
.3389/fimmu.2016.00662.

. Matsukura S, Kokubu F, Kurokawa M, Kawaguchi M, leki K, Kuga H,

Odaka M, Suzuki S, Watanabe S, Homma T, Takeuchi H, Nohtomi K,
Adachi M. 2007. Role of RIG-I, MDA-5, and PKR on the expression of
inflammatory chemokines induced by synthetic dsRNA in airway
epithelial cells. Int Arch Allergy Immunol 143(Suppl 1):80-83. https://
doi.org/10.1159/000101411.

. Matsukura S, Kokubu F, Kurokawa M, Kawaguchi M, leki K, Kuga H, Odaka

M, Suzuki S, Watanabe S, Takeuchi H, Kasama T, Adachi M. 2006.
Synthetic double-stranded RNA induces multiple genes related to in-
flammation through Toll-like receptor 3 depending on NF-kappaB
and/or IRF-3 in airway epithelial cells. Clin Exp Allergy 36:1049-1062.
https://doi.org/10.1111/j.1365-2222.2006.02530.X.

. Yoneyama M, Kikuchi M, Natsukawa T, Shinobu N, Imaizumi T, Miyagishi

M, Taira K, Akira S, Fujita T. 2004. The RNA helicase RIG-I has an essential
function in double-stranded RNA-induced innate antiviral responses. Nat
Immunol 5:730-737. https://doi.org/10.1038/ni1087.

. Iversen MB, Paludan SR. 2010. Mechanisms of type Ill interferon expres-

sion. J Interferon Cytokine Res 30:573-578. https://doi.org/10.1089/jir
.2010.0063.

. lwasaki A. 2012. A virological view of innate immune recognition. Annu Rev

Microbiol 66:177-196. https://doi.org/10.1146/annurev-micro-092611
-150203.

Ivashkiv LB, Donlin LT. 2014. Regulation of type | interferon responses.
Nat Rev Immunol 14:36-49. https://doi.org/10.1038/nri3581.

Lazear HM, Nice TJ, Diamond MS. 2015. Interferon-lambda: immune
functions at barrier surfaces and beyond. Immunity 43:15-28. https://
doi.org/10.1016/j.immuni.2015.07.001.

Michalska A, Blaszczyk K, Wesoly J, Bluyssen H. 2018. A positive feedback
amplifier circuit that regulates interferon (IFN)-stimulated gene expres-
sion and controls type | and type Il IFN responses. Front Immunol 9:1135.
https://doi.org/10.3389/fimmu.2018.01135.

Iversen MB, Ank N, Melchjorsen J, Paludan SR. 2010. Expression of type
Il interferon (IFN) in the vaginal mucosa is mediated primarily by
dendritic cells and displays stronger dependence on NF-kappaB than
type | IFNs. J Virol 84:4579-4586. https://doi.org/10.1128/JV1.02591-09.
Crotta S, Davidson S, Mahlakoiv T, Desmet CJ, Buckwalter MR, Albert ML,
Staeheli P, Wack A. 2013. Type | and type Ill interferons drive redundant
amplification loops to induce a transcriptional signature in influenza-
infected airway epithelia. PLoS Pathog 9:1003773. https://doi.org/10
.1371/journal.ppat.1003773.

Galani IE, Triantafyllia V, Eleminiadou EE, Koltsida O, Stavropoulos A,
Manioudaki M, Thanos D, Doyle SE, Kotenko SV, Thanopoulou K, An-
dreakos E. 2017. Interferon-lambda mediates non-redundant front-line
antiviral protection against influenza virus infection without compromis-
ing host fitness. Immunity 46:875-890.e6. https://doi.org/10.1016/j
.immuni.2017.04.025.

Fox JM, Crabtree JM, Sage LK, Tompkins SM, Tripp RA. 2015. Interferon
lambda upregulates IDO1 expression in respiratory epithelial cells after
influenza virus infection. J Interferon Cytokine Res 35:554-562. https://
doi.org/10.1089/ir.2014.0052.

Klinkhammer J, Schnepf D, Ye L, Schwaderlapp M, Gad HH, Hartmann R,
Garcin D, Mahlakoiv T, Staeheli P. 2018. IFN-lambda prevents influenza
virus spread from the upper airways to the lungs and limits virus
transmission. Elife 7:e33354. https://doi.org/10.7554/eLife.33354.
Mibayashi M, Martinez-Sobrido L, Loo Y-M, Cardenas WB, Gale M, Garcia-
Sastre A. 2007. Inhibition of retinoic acid-inducible gene I-mediated
induction of beta interferon by the NS1 protein of influenza A virus. J
Virol 81:514-524. https://doi.org/10.1128/JV1.01265-06.

Gack MU, Albrecht RA, Urano T, Inn KS, Huang IC, Carnero E, Farzan M,
Inoue S, Jung JU, Garcia-Sastre A. 2009. Influenza A virus NS1 targets the
ubiquitin ligase TRIM25 to evade recognition by the host viral RNA
sensor RIG-I. Cell Host Microbe 5:439-449. https://doi.org/10.1016/j
.chom.2009.04.006.

Rajsbaum R, Albrecht RA, Wang MK, Maharaj NP, Versteeg GA, Nistal-
Villan E, Garcia-Sastre A, Gack MU. 2012. Species-specific inhibition of
RIG-I ubiquitination and IFN induction by the influenza A virus NS1
protein. PLoS Pathog 8:@1003059. https://doi.org/10.1371/journal.ppat
.1003059.

Min JY, Krug RM. 2006. The primary function of RNA binding by the
influenza A virus NS1 protein in infected cells: inhibiting the 2’-5" oligo

Issue 20 e00559-19

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32

33.

34,

35.

36.

37.

38.

39.

40.

Journal of Virology

(A) synthetase/RNase L pathway. Proc Natl Acad Sci U S A 103:
7100-7105. https://doi.org/10.1073/pnas.0602184103.

Bergmann M, Garcia-Sastre A, Carnero E, Pehamberger H, Wolff K, Palese
P, Muster T. 2000. Influenza virus NS1 protein counteracts PKR-mediated
inhibition of replication. J Virol 74:6203-6206. https://doi.org/10.1128/
jvi.74.13.6203-6206.2000.

Hatada E, Saito S, Fukuda R. 1999. Mutant influenza viruses with a
defective NS1 protein cannot block the activation of PKR in infected
cells. J Virol 73:2425-2433.

Lu Y, Wambach M, Katze MG, Krug RM. 1995. Binding of the influenza
virus NS1 protein to double-stranded RNA inhibits the activation of the
protein kinase that phosphorylates the elF-2 translation initiation factor.
Virology 214:222-228. https://doi.org/10.1006/viro.1995.9937.
Nemeroff ME, Barabino SM, Li Y, Keller W, Krug RM. 1998. Influenza virus
NS1 protein interacts with the cellular 30 kDa subunit of CPSF and
inhibits 3’ end formation of cellular pre-mRNAs. Mol Cell 1:991-1000.
https://doi.org/10.1016/51097-2765(00)80099-4.

Noah DL, Twu KY, Krug RM. 2003. Cellular antiviral responses against
influenza A virus are countered at the posttranscriptional level by the
viral NS1A protein via its binding to a cellular protein required for the 3’
end processing of cellular pre-mRNAS. Virology 307:386-395. https://doi
.org/10.1016/50042-6822(02)00127-7.

Chen Z, Li Y, Krug RM. 1999. Influenza A virus NST1 protein targets
poly(A)-binding protein Il of the cellular 3’-end processing machinery.
EMBO J 18:2273-2283. https://doi.org/10.1093/emboj/18.8.2273.
Satterly N, Tsai PL, van Deursen J, Nussenzveig DR, Wang Y, Faria PA,
Levay A, Levy DE, Fontoura BM. 2007. Influenza virus targets the mRNA
export machinery and the nuclear pore complex. Proc Natl Acad Sci U S A
104:1853-1858. https://doi.org/10.1073/pnas.0610977104.

Aragén T, de la Luna S, Novoa |, Carrasco L, Ortin J, Nieto A. 2000.
Eukaryotic translation initiation factor 4Gl is a cellular target for NS1
protein, a translational activator of influenza virus. Mol Cell Biol 20:
6259-6268. https://doi.org/10.1128/mcb.20.17.6259-6268.2000.

Burgui |, Aragon T, Ortin J, Nieto A. 2003. PABP1 and elF4Gl associate with
influenza virus NS1 protein in viral mRNA translation initiation complexes. J
Gen Virol 84:3263-3274. https://doi.org/10.1099/vir.0.19487-0.

de laLunaS, Fortes P, Beloso A, Ortin J. 1995. Influenza virus NS1 protein
enhances the rate of translation initiation of viral mRNAs. J Virol 69:
2427-2433.

Marion RM, Zurcher T, de la Luna S, Ortin J. 1997. Influenza virus NS1
protein interacts with viral transcription-replication complexes in vivo. J
Gen Virol 78:2447-2451. https://doi.org/10.1099/0022-1317-78-10-2447.
Hale BG, Jackson D, Chen YH, Lamb RA, Randall RE. 2006. Influenza A
virus NS1 protein binds p85beta and activates phosphatidylinositol-3-
kinase signaling. Proc Natl Acad Sci U S A 103:14194-14199. https://doi
.org/10.1073/pnas.0606109103.

Hale BG, Kerry PS, Jackson D, Precious BL, Gray A, Killip MJ, Randall RE,
Russell RJ. 2010. Structural insights into phosphoinositide 3-kinase acti-
vation by the influenza A virus NS1 protein. Proc Natl Acad Sci U S A
107:1954-1959. https://doi.org/10.1073/pnas.0910715107.

Marazzi I, Ho JS, Kim J, Manicassamy B, Dewell S, Albrecht RA, Seibert
CW, Schaefer U, Jeffrey KL, Prinjha RK, Lee K, Garcia-Sastre A, Roeder
RG, Tarakhovsky A. 2012. Suppression of the antiviral response by an
influenza histone mimic. Nature 483:428-433. https://doi.org/10
.1038/nature10892.

Hartmann BM, Albrecht RA, Zaslavsky E, Nudelman G, Pincas H, Mar-
janovic N, Schotsaert M, Martinez-Romero C, Fenutria R, Ingram JP,
Ramos |, Fernandez-Sesma A, Balachandran S, Garcia-Sastre A, Sealfon
SC. 2017. Pandemic H1N1 influenza A viruses suppress immunogenic
RIPK3-driven dendritic cell death. Nat Commun 8:1931. https://doi.org/
10.1038/541467-017-02035-9.

Varga ZT, Ramos |, Hai R, Schmolke M, Garcia-Sastre A, Fernandez-Sesma
A, Palese P. 2011. The influenza virus protein PB1-F2 inhibits the induc-
tion of type | interferon at the level of the MAVS adaptor protein. PLoS
Pathog 7:¢1002067. https://doi.org/10.1371/journal.ppat.1002067.

Iwai A, Shiozaki T, Kawai T, Akira S, Kawaoka Y, Takada A, Kida H,
Miyazaki T. 2010. Influenza A virus polymerase inhibits type | interferon
induction by binding to interferon beta promoter stimulator 1. J Biol
Chem 285:32064-32074. https://doi.org/10.1074/jbc.M110.112458.
Heaton NS, Leyva-Grado VH, Tan GS, Eggink D, Hai R, Palese P. 2013. In
vivo bioluminescent imaging of influenza A virus infection and charac-
terization of novel cross-protective monoclonal antibodies. J Virol 87:
8272-8281. https://doi.org/10.1128/JVI.00969-13.

Manicassamy B, Manicassamy S, Belicha-Villanueva A, Pisanelli G, Pulen-

jviasm.org 20


https://doi.org/10.3389/fimmu.2016.00662
https://doi.org/10.3389/fimmu.2016.00662
https://doi.org/10.1159/000101411
https://doi.org/10.1159/000101411
https://doi.org/10.1111/j.1365-2222.2006.02530.x
https://doi.org/10.1038/ni1087
https://doi.org/10.1089/jir.2010.0063
https://doi.org/10.1089/jir.2010.0063
https://doi.org/10.1146/annurev-micro-092611-150203
https://doi.org/10.1146/annurev-micro-092611-150203
https://doi.org/10.1038/nri3581
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.1016/j.immuni.2015.07.001
https://doi.org/10.3389/fimmu.2018.01135
https://doi.org/10.1128/JVI.02591-09
https://doi.org/10.1371/journal.ppat.1003773
https://doi.org/10.1371/journal.ppat.1003773
https://doi.org/10.1016/j.immuni.2017.04.025
https://doi.org/10.1016/j.immuni.2017.04.025
https://doi.org/10.1089/jir.2014.0052
https://doi.org/10.1089/jir.2014.0052
https://doi.org/10.7554/eLife.33354
https://doi.org/10.1128/JVI.01265-06
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1016/j.chom.2009.04.006
https://doi.org/10.1371/journal.ppat.1003059
https://doi.org/10.1371/journal.ppat.1003059
https://doi.org/10.1073/pnas.0602184103
https://doi.org/10.1128/jvi.74.13.6203-6206.2000
https://doi.org/10.1128/jvi.74.13.6203-6206.2000
https://doi.org/10.1006/viro.1995.9937
https://doi.org/10.1016/S1097-2765(00)80099-4
https://doi.org/10.1016/s0042-6822(02)00127-7
https://doi.org/10.1016/s0042-6822(02)00127-7
https://doi.org/10.1093/emboj/18.8.2273
https://doi.org/10.1073/pnas.0610977104
https://doi.org/10.1128/mcb.20.17.6259-6268.2000
https://doi.org/10.1099/vir.0.19487-0
https://doi.org/10.1099/0022-1317-78-10-2447
https://doi.org/10.1073/pnas.0606109103
https://doi.org/10.1073/pnas.0606109103
https://doi.org/10.1073/pnas.0910715107
https://doi.org/10.1038/nature10892
https://doi.org/10.1038/nature10892
https://doi.org/10.1038/s41467-017-02035-9
https://doi.org/10.1038/s41467-017-02035-9
https://doi.org/10.1371/journal.ppat.1002067
https://doi.org/10.1074/jbc.M110.112458
https://doi.org/10.1128/JVI.00969-13
https://jvi.asm.org

Heterogeneity of Cellular Responses to Influenza Virus

41.

42.

43,

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

October 2019 Volume 93

dran B, Garcia-Sastre A. 2010. Analysis of in vivo dynamics of influenza
virus infection in mice using a GFP reporter virus. Proc Natl Acad Sci
U S A 107:11531-11536. https://doi.org/10.1073/pnas.0914994107.
Abdoli A, Soleimanjahi H, Tavassoti Kheiri M, Jamali A, Jamaati A. 2013.
Determining influenza virus shedding at different time points in Madin-
Darby canine kidney cell line. Cell J 15:130-135.

Fabregat A, Jupe S, Matthews L, Sidiropoulos K, Gillespie M, Garapati P,
Haw R, Jassal B, Korninger F, May B, Milacic M, Roca CD, Rothfels K,
Sevilla C, Shamovsky V, Shorser S, Varusai T, Viteri G, Weiser J, Wu G,
Stein L, Hermjakob H, D’Eustachio P. 2018. The Reactome pathway
Knowledgebase. Nucleic Acids Res 46:D649-D655. https://doi.org/10
.1093/nar/gkx1132.

Russell AB, Trapnell C, Bloom JD. 2018. Extreme heterogeneity of influ-
enza virus infection in single cells. Elife 7:32303. https://doi.org/10
.7554/eLife.32303.

Sjaastad LE, Fay EJ, Fiege JK, Macchietto MG, Stone IA, Markman MW, Shen
S, Langlois RA. 2018. Distinct antiviral signatures revealed by the magnitude
and round of influenza virus replication in vivo. Proc Natl Acad Sci U S A
115:9610-9615. https://doi.org/10.1073/pnas.1807516115.

Steuerman Y, Cohen M, Peshes-Yaloz N, Valadarsky L, Cohn O, David E,
Frishberg A, Mayo L, Bacharach E, Amit |, Gat-Viks I. 2018. Dissection of
influenza infection in vivo by single-cell RNA sequencing. Cell Syst
6:679-691.e4. https://doi.org/10.1016/j.cels.2018.05.008.

Jagger BW, Wise HM, Kash JC, Walters KA, Wills NM, Xiao YL, Dunfee RL,
Schwartzman LM, Ozinsky A, Bell GL, Dalton RM, Lo A, Efstathiou S, Atkins
JF, Firth AE, Taubenberger JK, Digard P. 2012. An overlapping protein-
coding region in influenza A virus segment 3 modulates the host response.
Science 337:199-204. https://doi.org/10.1126/science.1222213.

Levene RE, Gaglia MM. 2018. Host shutoff in influenza A virus: many
means to an end. Viruses 10:475. https://doi.org/10.3390/v10090475.
leki K, Matsukura S, Kokubu F, Kimura T, Kuga H, Kawaguchi M, Odaka M,
Suzuki S, Watanabe S, Takeuchi H, Schleimer RP, Adachi M. 2004.
Double-stranded RNA activates RANTES gene transcription through co-
operation of nuclear factor-kappaB and interferon regulatory factors in
human airway epithelial cells. Clin Exp Allergy 34:745-752. https://doi
.0rg/10.1111/j.1365-2222.2004.1941 x.

Tang B, Zhao R, Sun Y, Zhu Y, Zhong J, Zhao G, Zhu N. 2011. Interleukin-6
expression was regulated by epigenetic mechanisms in response to
influenza virus infection or dsRNA treatment. Mol Immunol 48:
1001-1008. https://doi.org/10.1016/j.molimm.2011.01.003.

Brownell J, Bruckner J, Wagoner J, Thomas E, Loo YM, Gale M, Jr, Liang
TJ, Polyak SJ. 2014. Direct, interferon-independent activation of the
CXCL10 promoter by NF-kappaB and interferon regulatory factor 3
during hepatitis C virus infection. J Virol 88:1582-1590. https://doi.org/
10.1128/JVI.02007-13.

Sung PS, Hong SH, Lee J, Park SH, Yoon SK, Chung WJ, Shin EC. 2017.
CXCL10 is produced in hepatitis A virus-infected cells in an IRF3-
dependent but IFN-independent manner. Sci Rep 7:6387. https://doi
.org/10.1038/541598-017-06784-x.

Tan GS, Krammer F, Eggink D, Kongchanagul A, Moran TM, Palese P.
2012. A pan-H1 anti-hemagglutinin monoclonal antibody with potent
broad-spectrum efficacy in vivo. J Virol 86:6179-6188. https://doi.org/
10.1128/JV1.00469-12.

Varble A, Albrecht RA, Backes S, Crumiller M, Bouvier NM, Sachs D,
Garcia-Sastre A, tenOever BR. 2014. Influenza A virus transmission bot-
tlenecks are defined by infection route and recipient host. Cell Host
Microbe 16:691-700. https://doi.org/10.1016/j.chom.2014.09.020.
Alford RH, Kasel JA, Gerone PJ, Knight V. 1966. Human influenza result-
ing from aerosol inhalation. Proc Soc Exp Biol Med 122:800-804. https://
doi.org/10.3181/00379727-122-31255.

Baccam P, Beauchemin C, Macken CA, Hayden FG, Perelson AS. 2006.
Kinetics of influenza A virus infection in humans. J Virol 80:7590-7599.
https://doi.org/10.1128/JV1.01623-05.

Sobel Leonard A, McClain MT, Smith GJ, Wentworth DE, Halpin RA, Lin X,
Ransier A, Stockwell TB, Das SR, Gilbert AS, Lambkin-Williams R, Ginsburg
GS, Woods CW, Koelle K. 2016. Deep sequencing of influenza A virus
from a human challenge study reveals a selective bottleneck and only
limited intrahost genetic diversification. J Virol 90:11247-11258. https://
doi.org/10.1128/JVI.01657-16.

Garcia-Sastre A, Egorov A, Matassov D, Brandt S, Levy DE, Durbin JE,
Palese P, Muster T. 1998. Influenza A virus lacking the NS1 gene repli-
cates in interferon-deficient systems. Virology 252:324-330. https://doi
.org/10.1006/viro.1998.9508.

Talon J, Horvath CM, Polley R, Basler CF, Muster T, Palese P, Garcia-Sastre

Issue 20 e00559-19

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Journal of Virology

A. 2000. Activation of interferon regulatory factor 3 is inhibited by the
influenza A virus NS1 protein. J Virol 74:7989-7996. https://doi.org/10
.1128/JV1.74.17.7989-7996.2000.

Wang X, Li M, Zheng H, Muster T, Palese P, Beg AA, Garcia-Sastre A. 2000.
Influenza A virus NS1 protein prevents activation of NF-kappaB and
induction of alpha/beta interferon. J Virol 74:11566-11573. https://doi
.org/10.1128/jvi.74.24.11566-11573.2000.

Chan AY, Vreede FT, Smith M, Engelhardt OG, Fodor E. 2006. Influenza
virus inhibits RNA polymerase Il elongation. Virology 351:210-217.
https://doi.org/10.1016/j.virol.2006.03.005.

Bauer DLV, Tellier M, Martinez-Alonso M, Nojima T, Proudfoot NJ, Mur-
phy S, Fodor E. 2018. Influenza virus mounts a two-pronged attack on
host RNA polymerase Il transcription. Cell Rep 23:2119-2129.e3. https://
doi.org/10.1016/j.celrep.2018.04.047.

Zhao N, Sebastiano V, Moshkina N, Mena N, Hultquist J, Jimenez-Morales
D, Ma Y, Rialdi A, Albrecht R, Fenouil R, Sdnchez-Aparicio MT, Ayllon J,
Ravisankar S, Haddad B, Ho JSY, Low D, Jin J, Yurchenko V, Prinjha RK,
Tarakhovsky A, Squatrito M, Pinto D, Allette K, Byun M, Smith ML, Sebra
R, Guccione E, Tumpey T, Krogan N, Greenbaum B, van Bakel H, Garcia-
Sastre A, Marazzi I. 2018. Influenza virus infection causes global RNAPII
termination defects. Nat Struct Mol Biol 25:885-893. https://doi.org/10
.1038/541594-018-0124-7.

de Chassey B, Aublin-Gex A, Ruggieri A, Meyniel-Schicklin L, Pradezynski
F, Davoust N, Chantier T, Tafforeau L, Mangeot P-E, Ciancia C, Perrin-
Cocon L, Bartenschlager R, André P, Lotteau V. 2013. The interactomes of
influenza virus NS1 and NS2 proteins identify new host factors and
provide insights for ADAR1 playing a supportive role in virus replication.
PLoS Pathog 9:1003440. https://doi.org/10.1371/journal.ppat.1003440.
Kuo RL, Li ZH, Li LH, Lee KM, Tam EH, Liu HM, Liu HP, Shih SR, Wu CC.
2016. Interactome analysis of the NS1 protein encoded by influenza A
H1NT1 virus reveals a positive regulatory role of host protein PRP19 in
viral replication. J Proteome Res 15:1639-1648. https://doi.org/10.1021/
acs.jproteome.6b00103.

Thakar J, Hartmann BM, Marjanovic N, Sealfon SC, Kleinstein SH. 2015.
Comparative analysis of anti-viral transcriptomics reveals novel effects of
influenza immune antagonism. BMC Immunol 16:46. https://doi.org/10
.1186/512865-015-0107-y.

Khaperskyy DA, Schmaling S, Larkins-Ford J, McCormick C, Gaglia MM.
2016. Selective degradation of host RNA polymerase Il transcripts by
influenza A virus PA-X host shutoff protein. PLoS Pathog 12:e1005427.
https://doi.org/10.1371/journal.ppat.1005427.

Fitzgerald KA. 2011. The interferon inducible gene: viperin. J Interferon
Cytokine Res 31:131-135. https://doi.org/10.1089/jir.2010.0127.
Mattijssen S, Pruijn GJ. 2012. Viperin, a key player in the antiviral
response. Microbes Infect 14:419-426. https://doi.org/10.1016/j.micinf
.2011.11.015.

Zhu J, Zhang Y, Ghosh A, Cuevas RA, Forero A, Dhar J, lbsen MS,
Schmid-Burgk JL, Schmidt T, Ganapathiraju MK, Fujita T, Hartmann R,
Barik S, Hornung V, Coyne CB, Sarkar SN. 2014. Antiviral activity of
human OASL protein is mediated by enhancing signaling of the RIG-I
RNA sensor. Immunity 40:936-948. https://doi.org/10.1016/j.immuni
.2014.05.007.

Fensterl V, Sen GC. 2015. Interferon-induced Ifit proteins: their role in
viral pathogenesis. J Virol 89:2462-2468. https://doi.org/10.1128/JVI
.02744-14.

Benitez AA, Panis M, Xue J, Varble A, Shim JV, Frick AL, Lopez CB, Sachs
D, tenOever BR. 2015. In vivo RNAi screening identifies MDAS5 as a
significant contributor to the cellular defense against influenza A virus.
Cell Rep 11:1714-1726. https://doi.org/10.1016/j.celrep.2015.05.032.
Paludan SR. 2016. Innate antiviral defenses independent of inducible
IFNalpha/beta production. Trends Immunol 37:588-596. https://doi.org/
10.1016/}.it.2016.06.003.

Daly C, Reich NC. 1995. Characterization of specific DNA-binding factors
activated by double-stranded RNA as positive regulators of interferon
alpha/beta-stimulated genes. J Biol Chem 270:23739-23746. https://doi
.0rg/10.1074/jbc.270.40.23739.

Memet S, Besancon F, Bourgeade MF, Thang MN. 1991. Direct induction
of interferon-gamma- and interferon-alpha/beta-inducible genes by
double-stranded RNA. J Interferon Res 11:131-141. https://doi.org/10
.1089/jir.1991.11.131.

Weaver BK, Kumar KP, Reich NC. 1998. Interferon regulatory factor 3 and
CREB-binding protein/p300 are subunits of double-stranded RNA-
activated transcription factor DRAF1. Mol Cell Biol 18:1359-1368.
https://doi.org/10.1128/mcb.18.3.1359.

jviasm.org 21


https://doi.org/10.1073/pnas.0914994107
https://doi.org/10.1093/nar/gkx1132
https://doi.org/10.1093/nar/gkx1132
https://doi.org/10.7554/eLife.32303
https://doi.org/10.7554/eLife.32303
https://doi.org/10.1073/pnas.1807516115
https://doi.org/10.1016/j.cels.2018.05.008
https://doi.org/10.1126/science.1222213
https://doi.org/10.3390/v10090475
https://doi.org/10.1111/j.1365-2222.2004.1941.x
https://doi.org/10.1111/j.1365-2222.2004.1941.x
https://doi.org/10.1016/j.molimm.2011.01.003
https://doi.org/10.1128/JVI.02007-13
https://doi.org/10.1128/JVI.02007-13
https://doi.org/10.1038/s41598-017-06784-x
https://doi.org/10.1038/s41598-017-06784-x
https://doi.org/10.1128/JVI.00469-12
https://doi.org/10.1128/JVI.00469-12
https://doi.org/10.1016/j.chom.2014.09.020
https://doi.org/10.3181/00379727-122-31255
https://doi.org/10.3181/00379727-122-31255
https://doi.org/10.1128/JVI.01623-05
https://doi.org/10.1128/JVI.01657-16
https://doi.org/10.1128/JVI.01657-16
https://doi.org/10.1006/viro.1998.9508
https://doi.org/10.1006/viro.1998.9508
https://doi.org/10.1128/JVI.74.17.7989-7996.2000
https://doi.org/10.1128/JVI.74.17.7989-7996.2000
https://doi.org/10.1128/jvi.74.24.11566-11573.2000
https://doi.org/10.1128/jvi.74.24.11566-11573.2000
https://doi.org/10.1016/j.virol.2006.03.005
https://doi.org/10.1016/j.celrep.2018.04.047
https://doi.org/10.1016/j.celrep.2018.04.047
https://doi.org/10.1038/s41594-018-0124-7
https://doi.org/10.1038/s41594-018-0124-7
https://doi.org/10.1371/journal.ppat.1003440
https://doi.org/10.1021/acs.jproteome.6b00103
https://doi.org/10.1021/acs.jproteome.6b00103
https://doi.org/10.1186/s12865-015-0107-y
https://doi.org/10.1186/s12865-015-0107-y
https://doi.org/10.1371/journal.ppat.1005427
https://doi.org/10.1089/jir.2010.0127
https://doi.org/10.1016/j.micinf.2011.11.015
https://doi.org/10.1016/j.micinf.2011.11.015
https://doi.org/10.1016/j.immuni.2014.05.007
https://doi.org/10.1016/j.immuni.2014.05.007
https://doi.org/10.1128/JVI.02744-14
https://doi.org/10.1128/JVI.02744-14
https://doi.org/10.1016/j.celrep.2015.05.032
https://doi.org/10.1016/j.it.2016.06.003
https://doi.org/10.1016/j.it.2016.06.003
https://doi.org/10.1074/jbc.270.40.23739
https://doi.org/10.1074/jbc.270.40.23739
https://doi.org/10.1089/jir.1991.11.131
https://doi.org/10.1089/jir.1991.11.131
https://doi.org/10.1128/mcb.18.3.1359
https://jvi.asm.org

Ramos et al.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

October 2019 Volume 93

Daly C, Reich NC. 1993. Double-stranded RNA activates novel factors that
bind to the interferon-stimulated response element. Mol Cell Biol 13:
3756-3764. https://doi.org/10.1128/mcb.13.6.3756.

Grandvaux N, Servant MJ, tenOever B, Sen GC, Balachandran S, Barber
GN, Lin R, Hiscott J. 2002. Transcriptional profiling of interferon regula-
tory factor 3 target genes: direct involvement in the regulation of
interferon-stimulated genes. J Virol 76:5532-5539. https://doi.org/10
.1128/JV1.76.11.5532-5539.2002.

Hu J, Sealfon SC, Hayot F, Jayaprakash C, Kumar M, Pendleton AC, Ganee
A, Fernandez-Sesma A, Moran TM, Wetmur JG. 2007. Chromosome-
specific and noisy IFNB1 transcription in individual virus-infected human
primary dendritic cells. Nucleic Acids Res 35:5232-5241. https://doi.org/
10.1093/nar/gkm557.

Patil S, Fribourg M, Ge Y, Batish M, Tyagi S, Hayot F, Sealfon SC. 2015.
Single-cell analysis shows that paracrine signaling by first responder
cells shapes the interferon-beta response to viral infection. Sci Signal
8:ral16. https://doi.org/10.1126/scisignal.2005728.

Russell AB, Elshina E, Kowalsky JR, Te Velthuis AJW, Bloom JD. 2019.
Single-cell virus sequencing of influenza infections that trigger innate
immunity. J Virol 93:@00500-19. https://doi.org/10.1128/JV1.00500-19.
Baum A, Sachidanandam R, Garcia-Sastre A. 2010. Preference of RIG-| for
short viral RNA molecules in infected cells revealed by next-generation
sequencing. Proc Natl Acad Sci U S A 107:16303-16308. https://doi.org/
10.1073/pnas.1005077107.

Ank N, West H, Bartholdy C, Eriksson K, Thomsen AR, Paludan SR. 2006.
Lambda interferon (IFN-lambda), a type Ill IFN, is induced by viruses and
IFNs and displays potent antiviral activity against select virus infections
in vivo. J Virol 80:4501-4509. https://doi.org/10.1128/JV1.80.9.4501-4509
.2006.

Genin P, Vaccaro A, Civas A. 2009. The role of differential expression of
human interferon-A genes in antiviral immunity. Cytokine Growth Factor
Rev 20:283-295. https://doi.org/10.1016/j.cytogfr.2009.07.005.

Marie |, Durbin JE, Levy DE. 1998. Differential viral induction of distinct
interferon-alpha genes by positive feedback through interferon regula-
tory factor-7. EMBO J 17:6660-6669. https://doi.org/10.1093/emboj/17
.22.6660.

Maniatis T, Falvo JV, Kim TH, Kim TK, Lin CH, Parekh BS, Wathelet MG.
1998. Structure and function of the interferon-beta enhanceosome. Cold
Spring Harbor Symp Quant Biol 63:609-620. https://doi.org/10.1101/
5qb.1998.63.609.

Kotenko SV, Gallagher G, Baurin VV, Lewis-Antes A, Shen M, Shah NK,
Langer JA, Sheikh F, Dickensheets H, Donnelly RP. 2003. IFN-lambdas

Issue 20 e00559-19

87.

88.

89.

90.

91.

92.

93.

94,

95.

Journal of Virology

mediate antiviral protection through a distinct class Il cytokine receptor
complex. Nat Immunol 4:69-77. https://doi.org/10.1038/ni875.
Sheppard P, Kindsvogel W, Xu W, Henderson K, Schlutsmeyer S, Whit-
more TE, Kuestner R, Garrigues U, Birks C, Roraback J, Ostrander C, Dong
D, Shin J, Presnell S, Fox B, Haldeman B, Cooper E, Taft D, Gilbert T, Grant
FJ, Tackett M, Krivan W, McKnight G, Clegg C, Foster D, Klucher KM. 2003.
IL-28, IL-29 and their class Il cytokine receptor IL-28R. Nat Immunol
4:63-68. https://doi.org/10.1038/ni873.

Prokunina-Olsson L, Muchmore B, Tang W, Pfeiffer RM, Park H, Dicken-
sheets H, Hergott D, Porter-Gill P, Mumy A, Kohaar I, Chen S, Brand N,
Tarway M, Liu L, Sheikh F, Astemborski J, Bonkovsky HL, Edlin BR, Howell
CD, Morgan TR, Thomas DL, Rehermann B, Donnelly RP, O'Brien TR. 2013.
A variant upstream of IFNL3 (IL28B) creating a new interferon gene
IFNL4 is associated with impaired clearance of hepatitis C virus. Nat
Genet 45:164-171. https://doi.org/10.1038/ng.2521.

Thomson SJ, Goh FG, Banks H, Krausgruber T, Kotenko SV, Foxwell BM,
Udalova IA. 2009. The role of transposable elements in the regulation of
IFN-lambdal gene expression. Proc Natl Acad Sci U S A 106:
11564 -11569. https://doi.org/10.1073/pnas.0904477106.

Nam HS, Benezra R. 2009. High levels of Id1 expression define B1 type
adult neural stem cells. Cell Stem Cell 5:515-526. https://doi.org/10
.1016/j.stem.2009.08.017.

Martinez-Sobrido L, Garcia-Sastre A. 2010. Generation of recombinant
influenza virus from plasmid DNA. J Vis Exp 2010:2057. https://doi.org/
10.3791/2057.

Tan GS, Lee PS, Hoffman RM, Mazel-Sanchez B, Krammer F, Leon PE,
Ward AB, Wilson IA, Palese P. 2014. Characterization of a broadly neu-
tralizing monoclonal antibody that targets the fusion domain of group
2 influenza A virus hemagglutinin. J Virol 88:13580-13592. https://doi
.org/10.1128/JV1.02289-14.

Hartmann BM, Marjanovic N, Nudelman G, Moran TM, Sealfon SC. 2014.
Combinatorial cytokine code generates anti-viral state in dendritic cells.
Front Immunol 5:73.

Butler A, Hoffman P, Smibert P, Papalexi E, Satija R. 2018. Integrating
single-cell transcriptomic data across different conditions, technologies,
and species. Nat Biotechnol 36:411-420. https://doi.org/10.1038/nbt
4096.

McDavid A, Finak G, Chattopadyay PK, Dominguez M, Lamoreaux L, Ma
SS, Roederer M, Gottardo R. 2013. Data exploration, quality control and
testing in single-cell gPCR-based gene expression experiments. Bioin-
formatics 29:461-467. https://doi.org/10.1093/bioinformatics/bts714.

jviasm.org 22


https://doi.org/10.1128/mcb.13.6.3756
https://doi.org/10.1128/JVI.76.11.5532-5539.2002
https://doi.org/10.1128/JVI.76.11.5532-5539.2002
https://doi.org/10.1093/nar/gkm557
https://doi.org/10.1093/nar/gkm557
https://doi.org/10.1126/scisignal.2005728
https://doi.org/10.1128/JVI.00500-19
https://doi.org/10.1073/pnas.1005077107
https://doi.org/10.1073/pnas.1005077107
https://doi.org/10.1128/JVI.80.9.4501-4509.2006
https://doi.org/10.1128/JVI.80.9.4501-4509.2006
https://doi.org/10.1016/j.cytogfr.2009.07.005
https://doi.org/10.1093/emboj/17.22.6660
https://doi.org/10.1093/emboj/17.22.6660
https://doi.org/10.1101/sqb.1998.63.609
https://doi.org/10.1101/sqb.1998.63.609
https://doi.org/10.1038/ni875
https://doi.org/10.1038/ni873
https://doi.org/10.1038/ng.2521
https://doi.org/10.1073/pnas.0904477106
https://doi.org/10.1016/j.stem.2009.08.017
https://doi.org/10.1016/j.stem.2009.08.017
https://doi.org/10.3791/2057
https://doi.org/10.3791/2057
https://doi.org/10.1128/JVI.02289-14
https://doi.org/10.1128/JVI.02289-14
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1038/nbt.4096
https://doi.org/10.1093/bioinformatics/bts714
https://jvi.asm.org

	RESULTS
	Temporal dynamics of NS1 IAV expression in epithelial cells. 
	Single-cell analysis of the innate immune response and viral antagonism during IAV infection in respiratory epithelial cells. 
	Infected and bystander cells show differential host gene expression profiles. 
	Early innate immune responses are dominated by type III IFN gene expression. 
	Early innate immune responses restrict virus replication in IAV-infected human primary respiratory epithelial cells. 

	DISCUSSION
	MATERIALS AND METHODS
	Cell culture. 
	Preparation of virus stocks. 
	Infections. 
	qRT-PCR. 
	Time-lapse microscopy. 
	Single-cell RNA sequencing. 
	Data analysis of single-cell RNA sequencing. 
	Immunofluorescence assay in NHBE cells. 
	Cytokine stimulation experiments. 
	Data availability. 

	ACKNOWLEDGMENTS
	REFERENCES

