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ABSTRACT Influenza virus infections are thought to be initiated in a small number of
cells; however, the heterogeneity across the cellular responses of the epithelial cells dur-
ing establishment of disease is incompletely understood. Here, we used an H1N1 influ-
enza virus encoding a fluorescent reporter gene, a cell lineage-labeling transgenic mouse
line, and single-cell RNA sequencing to explore the range of responses in a susceptible
epithelial cell population during an acute influenza A virus (IAV) infection. Focusing on
multiciliated cells, we identified a subpopulation that basally expresses interferon-stimu-
lated genes (ISGs), which we hypothesize may be important for the early response to
infection. We subsequently found that a population of infected ciliated cells produce
most of the ciliated cell-derived inflammatory cytokines, and nearly all bystander ciliated
cells induce a broadly antiviral state. From these data together, we propose that variable
preexisting gene expression patterns in the initial cells targeted by the virus may ulti-
mately affect the establishment of viral disease.

IMPORTANCE Influenza A virus poses a significant threat to public health, and each year,
millions of people in the United States alone are exposed to the virus. We do not cur-
rently, however, fully understand why some individuals clear the infection asymptomati-
cally and others become severely ill. Understanding how these divergent phenotypes
arise could eventually be leveraged to design therapeutics that prevent severe disease.
As a first step toward understanding these different infection states, we used a technol-
ogy that allowed us to determine how thousands of individual murine lung epithelial
cells behaved before and during IAV infection. We found that small subsets of epithelial
cells exhibited an antiviral state prior to infection, and similarly, some cells made high
levels of inflammatory cytokines during infection. We propose that different ratios of
these individual cellular responses may contribute to the broader antiviral state of the
lung and may ultimately affect disease severity.

KEYWORDS single cell, interferon-stimulated genes, gene expression, RNA sequencing,
transgenic mouse, reporter virus

nfluenza viruses cause significant morbidity and mortality each year, with an estimated
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resolve tissue heterogeneity in a variety of environments (3-5). It has also been used
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to study host-influenza interactions both in vitro and in vivo (2, 6-17). Previous in vitro
studies in immortalized cell lines have primarily focused on understanding how coin-
fection, genetic variability in viral populations, and infection with different strains of
influenza virus influence the cellular innate immune response (2, 6, 7, 10, 15). In vivo
studies profiling the entire lung have identified changes in inflammatory responses
throughout infection, described broad viral tropism, and found interferon-dependent
and independent gene modules (8, 9). Few, mostly in vitro studies, have focused on
the responses of epithelial cells, the main targets of IAV infection (12, 13, 16). Even less
understood is the heterogeneity across responses by genetically defined subsets of
epithelial cells in vivo.

A complicating factor in defining the responses of epithelial cell subsets using
scRNA-seq is that their transcriptional profiles are dramatically altered by infection, of-
ten due to high viral burden and degradation of host mRNAs (9, 18, 19). Additionally,
damage to the lung results in the differentiation of progenitor populations or dediffer-
entiation of cells to repair and regenerate the respiratory epithelium, often beginning
within the first several days of injury (20-23). Consequently, it can be difficult to assign
transcriptional profiles to specific cell populations with certainty by detecting cell type-
specific marker gene transcripts alone (24).

As a first step in understanding how differences in cellular responses may ultimately
influence infection outcomes, we explored how a single, highly susceptible epithelial
cell population responded to IAV infection. We generated a fluorescent reporter virus
and identified ciliated cells as a major target of the pdmH1N1 A/California/04/2009
(Cal09) influenza strain in vivo. We then used a transgenic mouse model to genetically
label ciliated cells prior to infection and track them throughout the establishment of vi-
ral disease. Finally, we used scRNA-seq to interrogate gene expression in mock-
infected, bystander, and influenza virus-infected ciliated cells from matched infected
animals. Interestingly, we found expression of type | and type lll interferons in a subset
of ciliated cells, which we hypothesize may be linked to the basal expression of antivi-
ral genes prior to infection. Additionally, there was notable expression of strong inter-
feron-stimulated gene (ISG) transcriptional profiles in almost all bystander cells within
48 h of infection, indicating the sensitivity of these cells to inflammatory cytokines.
These data support the growing literature showing variability in the response to infec-
tion, and we propose that divergent gene expression before exposure to influenza vi-
rus could potentially contribute to disease pathogenesis.

RESULTS

Epithelial ciliated cells are a main target of a reporter H1N1 virus in the upper
respiratory tract. Our initial aim was to understand the potential heterogeneity of
responses by a single population of epithelial cells to a nonlaboratory-adapted influ-
enza virus. We therefore generated a fluorescent reporter virus in the prototype
pdmH1N1 A/California/04/2009 genetic background (Cal09-superfolder green fluores-
cent protein [sfGFP]) to allow for the identification of infected cells based on fluores-
cence. We modified the eighth viral segment to eliminate splicing and encode NS1,
sfGFP, and NEP as a single open reading frame (ORF), with 2A autoproteolytic cleavage
sites separating the proteins cotranslationally (Fig. TA).

Although we and others have previously used this genetic strategy to generate
experimentally useful reporter viruses (25, 26), genetically modified viruses can fail to
express the reporter protein or be significantly attenuated (27, 28). To determine re-
porter expression and the degree of attenuation for our reporter virus, we performed
single-cycle infections and multi-cycle growth curves of Cal09-sfGFP and wild-type
Cal09. We could detect a statistically significant increase in GFP expression in infected
MDCK cells relative to background by 6 h postinfection (hpi), indicating this virus func-
tions as a sensitive reporter of viral infection (Fig. 1B and C). We also found our reporter
virus grew to similar titers and with similar kinetics as wild-type Cal09 in embryonated
chicken eggs, suggesting only slight attenuation (Fig. 1D). As we ultimately wanted to
investigate IAV infection in a mouse model, we next asked whether Cal09-sfGFP could
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FIG 1 Ciliated cells are a target of a Cal09 reporter virus in the murine upper respiratory tract. (A) Schematic of A/California/04/2009 reporter virus
expressing sfGFP from segment 8, which also encodes nonstructural proteins NS1 and NEP. 2A, porcine teschovirus 2A sequence. (B) Representative flow
cytometry of GFP™ cells collected at the indicated time points following infection with Cal09-sfGFP (MDCK cells, MOl = 0.5, single-cycle infection). hpi,
hours postinfection. (C) Quantification of flow cytometry in panel B. Means with SDs are shown; n = 4 independent experiments; Mann-Whitney U test. (D)
Viral titer after replication in embryonated chicken eggs for the time indicated for wild-type Cal09 or Cal09-sfGFP (1,000 PFU), measured using plaque

(Continued on next page)
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establish disease in vivo. We infected mice and found a dose-dependent decrease in
body weight and survival following infection (Fig. 1E and F). Finally, we wanted to
determine the earliest time points at which we could reliably identify GFP-positive
(GFP*) cells in vivo. To do so, we infected mice and then collected lung and tracheal
cells at several time points following infection for flow cytometry analysis. We could
detect a significant increase in GFP signal above the background beginning 12 hpi,
with an additional 25-fold increase in fluorescent cells by 24 hpi (Fig. 1G and H).

With our reporter virus functioning appropriately, we next turned our attention to
identifying the types of cells targeted by the virus during the establishment of infec-
tion. Although the tropism of pdmH1N1 viruses has been described previously, there
are conflicting reports depending on the method used for assessment (29-31). We
therefore collected cells from the upper respiratory tract of our Cal09-sfGFP-infected
animals and stained them for markers of immune (CD45"), epithelial CD45~ EpCAM™),
and endothelial (CD45~ CD317) cells (32-34). As expected, epithelial cells represent
most of the infected cells at both 12 (average, 37%) and 24 hpi (average, 85%) (Fig. 11).
We detected a sizeable population of apparently infected immune cells at 12 hpi; how-
ever, because our assay cannot distinguish between infected immune cells and those
that have phagocytosed GFP, we focused on the epithelial compartment. To determine
the types of epithelial cells infected, we repeated this experiment but stained cells for
markers of the major respiratory epithelial cell types, ciliated (EpCAM* CD24%), secre-
tory (EpCAM™ SSEA1™), and basal (EpCAM™ GSIB4™) (35-38). At both 12 and 24 hpi, we
found that ciliated cells accounted for more than 50% of infected epithelial cell popu-
lation (Fig. 1J and K). We therefore concluded that ciliated cells were a relevant in vivo
target during murine infection with Cal09-sfGFP and thus decided to focus additional
study on this population of the epithelium during influenza virus infection.

A transgenic model to genetically label epithelial ciliated cells for scRNA-seq.
To understand heterogeneity in the ciliated cell response to IAV infection, we wanted to per-
form scRNA-seq on mock-infected, influenza virus-infected, and bystander ciliated cells.
However, we and others have documented that ciliated cells lose expression of canonical
markers during acute viral infection (35, 39-41), which could affect our ability to collect or
analyze them during infection. Furthermore, progenitor cells could begin to differentiate
into ciliated cells during infection experiments, and the intermediate gene expression profile
could confound our capacity to define virally induced gene signatures. To circumvent these
challenges, we employed an inducible lineage tracing strategy to fluorescently label ciliated
cells prior to infection. We crossed mice that contained a Cre-responsive reporter cassette
(tdTomato mice) to mice that expressed tamoxifen-inducible Cre recombinase under the
promoter of the ciliated cell-specific transcription factor Foxj1 (foxj1<eE*/* mice) (42). When
tdTomato;foxj1<<ER2/*+ mice (further referred to as tdT;foxj1 mice) are treated with tamoxi-
fen, Cre recombinase expressed in ciliated cells enters the nucleus and induces recombina-
tion, allowing for constitutive tdTomato expression (Fig. 2A). Importantly, in this system, cells
are only labeled during the tamoxifen treatment window, and expression of tdTomato in la-
beled cells is permanent.

To validate that this model specifically labeled ciliated cells, we stained lung cells
from tamoxifen-treated tdT;foxj1 mice for the ciliated cell markers EpCAM and CD24.
We found nearly 100% of tdTomato™ cells were positive for EpCAM or CD24 compared

FIG 1 Legend (Continued)

assays. PFU, plaque-forming units. Means with SDs are shown; n = 4 eggs per sample; Mann-Whitney U test. (E) Body weights of mice infected with the
indicated doses of Cal09-sfGFP. Means with SDs are shown; n = 4 to 6 mice per dose. Dashed line represents humane endpoint. dpi, days postinfection. (F)
Kaplan-Meier survival curve of mice infected with the indicated doses of Cal09-sfGFP. n = 4 to 6 mice per dose. (G) Representative flow cytometry of GFP*
cells from the lungs of mice infected with Cal09-sfGFP at the indicated times postinfection. (H) Quantification of flow cytometry in panel G. Means with
SDs are shown; n = 4 to 5 mice per time point; Mann-Whitney U test. () Quantification of GFP* cell surface expression of CD45, EpCAM, or CD31. Immune
cells, CD45*; epithelial cells, CD45-EpCAM™"; endothelial, CD45-CD31". Cells without expression of either three were categorized as “other.” Cells were
isolated from tracheas of Cal09-sfGFP-infected mice at the indicated times postinfection. Means with SDs are shown; n = 4 mice per time point. (J)
Representative flow cytometry of unstained, EpCAM™ (Mock) or GFP* EpCAM™ (12 hpi, 24 hpi) cells isolated from the tracheas of mice infected with Cal09-
sfGFP at the indicated times postinfection stained for surface expression of CD24 (ciliated cells), SSEA1 (secretory cells), and GSIB4 (basal cells). (K)
Quantification of flow cytometry in panel J (EpCAM™ cells, white bars; GFP* EpCAM™" cells, green bars). Means with SDs are shown; n = 4 mice per time
point. For all panels, ns, not significant, and *, P = 0.05.
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FIG 2 A transgenic mouse model genetically labels ciliated cells for identification during infection. (A) Schematic of transgenic mouse model. Mice
containing a Cre-responsive reporter cassette were crossed to mice expressing Cre recombinase under the promoter for the ciliated cell-specific
transcription factor Foxj1. When tdT;foxj1 mice are treated with tamoxifen, ciliated cells permanently express tdTomato. WPRE, woodchuck hepatitis virus
posttranscriptional regulatory element. (B) Representative flow cytometry and quantification of total and tdTomato™ cell surface EpCAM expression. Cells
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to less than 25% of total lung cells (Fig. 2B and C). We then cross-sectioned lungs from
tdT;foxj1 mice and found tdTomato* cells to be positive for expression of acetylated
tubulin, a component of cilia (Fig. 2D). Based on these data and the timing of tamoxi-
fen treatment, we considered any cell with tdTomato expression to be a bona fide cili-
ated cell prior to infection. To verify our previous results of viral infection of ciliated
cells in this model, we collected the lungs from tdT;foxj1 mice 1 day postinfection (dpi)
with Cal09-sfGFP. Using confocal microscopy, we identified distinct populations of
tdTomato™* GFP* cells in infected mice (Fig. 2E).

To perform single-cell RNA sequencing of ciliated cells, we infected tamoxifen-
treated tdT;foxj1 mice with Cal09-sfGFP or phosphate-buffered saline (PBS) as a mock
control and then collected the lungs 1, 2, and 3 dpi for ciliated cell isolation using fluo-
rescence-activated cell sorting (FACS) (Fig. 2F and G). We prepared the sorted cells for
scRNA-seq using the 10x Genomics platform and then sequenced the resulting cDNA
libraries. As a first test of the quality of our data, we explored the dimensionality of our
data set with Uniform Manifold Approximation and Projection (UMAP) dimension
reduction; as expected, cells grouped predominantly by their infection status (Fig. 2H).
We also found that within bystander or infected cell groupings, cells from the same
time point tended to group with each other (Fig. 21). We next quantified expression of
ciliated cell markers to confirm that we had collected ciliated cells and found that
98.98% and 97.88% of tdTomato*-sorted cells from uninfected animals had at least
one transcript detected of Tubb4b and Foxj1, respectively (Fig. 2J). Consistent with pre-
vious work showing ciliated cells downregulate genes related to ciliogenesis or ciliated
cell morphology during infection, expression of Tubb4b and Foxj1 decreased over time
in infected cells but was stable in bystander cells (Fig. 2K) (35, 39-41). Although expres-
sion of Cd24a decreased, it remained detectable in infected cells, which suggested
CD24 can be used as a marker for ciliated cells throughout infection (Fig. 2K).

Identification of a subpopulation of ciliated cells with basal ISG expression.
Next, we performed unbiased clustering on ciliated cells from uninfected animals (Fig.
3A) but restricted our analyses to mock cells containing at least one transcript of Foxj1
to exclude any potentially missorted cells (Fig. 3B). These cells clustered into five dis-
crete groups, although most uninfected ciliated cells displayed similar gene expression
profiles with varied expression of genes related to negative regulation of the cell cycle
and cytoskeletal and tight junction maintenance (e.g., Ccnd2, Cdknic, Tmsb4x, and
Cldn18) (Fig. 3B and C). However, we observed a subpopulation of ciliated cells (cluster
5) which displayed high levels of the antiviral interferon-stimulated gene (ISG) /fitm1
(Fig. 3C and D). ISGs are a set of genes expressed by cells in response to interferon sig-
naling and induce an antiviral state within the cell (43-45). More in-depth analysis
revealed that additional I1SGs were disproportionately expressed by this cluster of cili-
ated cells (e.g., Bst2 and Ifit1), but in all ciliated cell clusters, we could identify cells with
basal ISG expression (Fig. 3D). Thus, basal ISG expression can be detected in some

FIG 2 Legend (Continued)

isolated from the lungs of tamoxifen-treated tdT;foxj1 mice. Means with SDs are shown. n = 4; Mann-Whitney U test. (C) Representative flow cytometry
and quantification of total and tdTomato™ cell surface CD24 expression. Cells isolated from the lungs of tamoxifen treated tdT;foxj1 mice. Means with SDs
are shown. n = 4; Mann-Whitney U test. (D) Cross-sectioned microscopy of lung epithelial cells from tamoxifen treated tdT;foxj1 mice. ACTUB (green), cilia;
tdTomato (red), Foxj1 activity; DAPI (blue), DNA. Scale bar, 50 um, 10-um inset. Image representative of two independent experiments with at least 2
mice each. (E) Cross-sectioned microscopy of lung epithelial cells from tamoxifen-treated tdT;foxj1 mice 24 hpi with Cal09-sfGFP. Cal09-sfGFP (green), GFP;
tdTomato (red), Foxj1 activity; Hoechst (blue), DNA. Yellow arrows, GFP" ciliated cells. White arrows, GFP- ciliated cells. Scale bar, 50 um; 10-um inset.
Image representative of two independent experiments with at least 2 mice each. (F) Schematic of scRNA-seq experiment design. TdT;foxj1 mice were
treated with tamoxifen six times over 2 weeks followed by a 2-week recovery period before infection with Cal09-sfGFP. Total lung cells were isolated at
the indicated times postinfection for FACS. (G) Flow cytometry of FACS-sorted tdTomato™ ciliated cells isolated from tamoxifen-treated tdT;foxj1 mice at
the indicated times postinfection with Cal09-sfGFP or mock infected with PBS. (H) UMAP dimensionality reduction plot showing ciliated cells clustered
based on their transcriptomes and relation to one another. Ciliated cells are colored based on their infection status. (I) UMAP dimensionality reduction
plot showing ciliated cells clustered based on their transcriptomes and relation to one another. Ciliated cells are colored based on their infection status
and time point. (J) The percentage of mock tdTomato™ cells with at least one transcript of ciliated cell markers Tubb4b and Foxj1. (K) Violin plot of
normalized expression of ciliated cell markers Tubb4b, Foxj1, and CD24a by sample. The width of each violin represents the frequency of that expression
level. For all panels, ns, not significant, and *, P = 0.05.
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Ifit1) (I). Gene expression was quantified based on a standard curve and normalized to endogenous 18s expression. Means with SDs are shown. n = four
independent mice; Mann-Whitney U test. AU, arbitrary units. (J) Quantification of flow cytometry. Ciliated cells (CD45~ CD31~ CD24*) were isolated from untreated
IFNART™/~ IFNGR1~/~ or tdTomato mice and stained for BST2. Means with SDs are shown; n = 5 mice per group; Mann-Whitney U rest. (K) Quantification of flow
cytometry. Ciliated cells (CD45~ CD31~ CD24") were isolated from mock-infected or Cal09-sfGFP-infected (1.4e5 PFU) mice 7 hpi and stained for BST2. Means with
SDs are shown; n = at least 6 mice per group from two independent experiments; Mann-Whitney U test. (L) Quantification of flow cytometry. GFP expression by
BST2" or BST2™ ciliated cells (CD45~ CD31~ CD24") isolated from mice 7 hpi with Cal09-sfGFP (1.4e5 PFU) was measured. Means with SDs are shown. n = 7 mice
from two independent experiments; Mann-Whitney U test. For all panels, ns, not significant, and *, P < 0.05.

uninfected ciliated cells; however, the magnitude of expression of these genes is insuf-
ficient to drive clustering, at least under our analysis parameters.

In order to understand if the ISG expression in these cells was stochastic or if they
have a more broadly active antiviral state, we performed a correlation analysis of cells
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expressing either Bst2 or Ifit1 and another ISG, Isg15. A strong correlation between the
ISG transcripts (Fig. 3E) is consistent with the idea that these ciliated cells are likely to
have upregulated a canonical antiviral response. To experimentally validate the exis-
tence of this subpopulation of cells, we collected ciliated cells from mock-infected
mice to analyze ISG expression (Fig. 3F). By performing flow cytometry for the surface-
expressed ISG BST2-tetherin, we identified a small population (~3 to 6%) of ciliated
cells with BST2 expression (Fig. 3G). This proportion was consistent with the percent-
age of mock ciliated cells with >1 transcript for Bst2 (6.5%) in our single-cell data set.
To verify that this preinfection BST2* subpopulation also expressed the other ISGs, we
isolated BST2* and BST2~ ciliated cells from mock-infected mice for reverse transcrip-
tion-quantitative PCR (qRT-PCR) analysis of key transcripts. While ciliated cell markers
were unchanged between the two populations (Fig. 3H), the levels of the other ISGs
tested were higher in BST2" cells (Fig. 3I).

This population of ISG-expressing cells could be explained by a low level of authen-
tic IFN signaling in the epithelium, likely produced by lung-resident immune cells (46).
To test this hypothesis, we collected epithelial cells from untreated animals deficient in
the type | and type Il interferon receptors, the two classes of interferon predominantly
produced by immune cells (47-53). We observed a significant decrease in basal ciliated
cell BST2 expression in INFAR1~/~ IFNGR1~/~ mice relative to tdTomato mice, suggest-
ing that these interferons drive most of this phenotype (Fig. 3J). Finally, we wanted to
understand how these basally innate immune-activated cells could affect viral infec-
tion. We hypothesized that they could either be resistant to infection (and contribute
to “bystander” cell phenotypes) or they could be infected by IAV and potentially con-
tribute to heterogeneity in the infected cell responses. We therefore infected animals
with Cal09-sfGFP, and at a time point before BST2 expression was significantly induced
(Fig. 3K), we looked for GFP signal in the BST2* cells. Relative to the BST2~ ciliated
cells, we were unable to observe a decrease in infection (Fig. 3L). Because we cannot
formally rule out that some of the detected GFP* BST2* cells may have resulted from
rapid antiviral protein expression after infection, we can only interpret these data to
indicate that basal ISG expression in ciliated cells is likely insufficient to make these
cells completely refractory to infection. Further, any gene expression changes resulting
from the basal transcriptional profiles of these cells likely manifest phenotypically in
the infected cell population.

Bystander ciliated cells robustly, and mostly uniformly, respond to interferon
signaling. Next, we wanted to understand the potential spread of gene expression in
the uninfected bystander ciliated cell population from our broader experiment (Fig.
4A). We performed unbiased clustering of GFP~ cells harboring less than 10 viral tran-
scripts at all three infection time points to focus on truly uninfected cells. This strategy
yielded 6 individual clusters (Fig. 4B), and further analysis revealed that clusters 1 to 3
were largely composed of ciliated cells from 2 and 3 dpi, while clusters 4 to 6 were
mostly made of cells from 1 dpi (Fig. 4C). This suggested that gene expression differen-
ces across bystander cells were likely primarily driven by the inflammatory state of the
lung rather than basal heterogeneity in the ciliated cell population. Consistent with
this idea, a heat map of the top 10 most variably expressed genes in each cluster
showed that clusters 4 to 6 were dominated by expression of genes found in mock
cells (e.g., Cdknic, Cldni8, Calmi3, and Esm1), while clusters 1 to 3 are marked by
expression of genes related to stress response (Xbp1, Nuprl) and interferon signaling
(Socs3, Ifitm1, and Ccl20) (Fig. 4D and E).

We were surprised to see, however, how few of the “classic” ISGs appeared in the
heat map, as these cells were presumably in a highly inflammatory environment.
Specific interrogation of I1SGs revealed widespread expression, as nearly all bystander
cells at 2 and 3 dpi expressed ISGs, including Ifitm3, Isg15, Bst2, and Ifit3 (Fig. 4F). This
broad expression pattern explained why they did not appear in the list of differentially
expressed genes (Fig. 4D). To experimentally validate what our analysis predicted
would essentially be the ubiquity of ISG expression in bystander cells, we stained lung
sections from mock-infected and Cal09sfGFP-infected mice for ISG15 and found robust
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FIG 4 Uninfected bystander ciliated cells respond homogenously to pulmonary inflammation during IAV infection. (A) UMAP dimensionality reduction plot
showing bystander cells. (B) UMAP dimensionality reduction plot showing unbiased clustering of bystander GFP~ ciliated cells. GFP~ ciliated cells were
considered bystander cells if they had less than 10 viral transcripts. (C) Stacked bar graph plotting the percentage of each cluster that belongs to each
time point. (D) Heat map of the top 10 most variably expressed genes by each cluster of bystander GFP~ ciliated cells. Genes are ordered based on
P value. The scale of the heat map shows the expression of a gene by each cell relative to the mean expression by all cells in the sample. (E) Violin plot
showing the normalized expression of Cdknlc (negative regulation of cell cycle), Xbp1 (stress response), and Socs3 (interferon signaling). The width of each
violin represents the frequency of that expression level. (F) Ridge plots depicting normalized expression of I1SGs, grouped by sample. Ridge height indicates
the frequency of expression level. (G) Microscopy of cross-sectioned lung epithelial cells from mock- or Cal09-sfGFP-infected mice (2 dpi) stained for ACTUB
and ISG15. Scale bar, 10 um. Yellow arrows indicate ISG15" bystander ciliated cells. Image representative of sections from three mice from two
independent experiments. (H) Flow cytometry of bystander ciliated cells (CD45~ CD31~ CD24" GFP") stained for BST2. Ciliated cells were isolated from the
lungs of mock-infected or Cal09-sfGFP-infected mice at the indicated times postinfection. Gate for BST2 was set using FMO control. () Quantification of
flow cytometry in panel H. Means with SDs are shown; n = 4 mice per group; Mann-Whitney U test. For all panels, ns, not significant, and *, P =< 0.05.

expression in bystander (GFP ™) ciliated cells, even more so than in infected (GFP™*) cells
(Fig. 4G). For a more quantitative approach, we used flow cytometry to measure BST2
expression in bystander (GFP™) ciliated cells and found over 97% were BST2* at both 2
and 3 dpi (Fig. 4H and I). Thus, despite some minor differences in the response profiles
of bystander ciliated cells during infection, the innate antiviral response is mostly ho-
mogenous and consistent with the idea that basal gene expression differences in cili-
ated cells had little to no effect on their responses.

Viral burden in infected ciliated cells increases throughout infection. We next
turned our attention to the influenza virus-infected ciliated cells collected during our
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FIG 5 Viral replication characteristics across ciliated cells during the first 3 days of infection. (A) UMAP dimensionality reduction plot depicting infected
ciliated cells. (B) UMAP dimensionality reduction plot of total ciliated cells shaded based on the fraction of total mRNA transcripts that are viral. (C) UMAP
dimensionality reduction plot depicting GFP* ciliated cells 1, 2, or 3 days post-Cal09-sfGFP infection. (D) Violin plot showing the fraction of total mRNA
transcripts that are viral for each GFP* cell grouped by sample. Violin width indicates the frequency of the percentage level. (E) Representative flow
cytometry histogram of GFP* ciliated cells (CD45~ CD31~ CD24%). Ciliated cells were isolated from mock-infected or Cal09-sfGFP-infected mice at the
indicated times postinfection. (F) Quantification of the median fluorescence (GFP) of GFP* ciliated cells in panel E. Means with SDs are shown; n = 4 mice
per time point; Mann-Whitney U test. (G) UMAP dimensionality reduction plot depicting clusters of infected cells (GFP*, =10 viral transcripts), which are
colored by cluster identity. (H) Violin plot showing the fraction of total mRNA transcripts that are viral for each GFP™" cell grouped by cluster identity. Violin
width indicates the frequency of the percentage level. (I) Quantification of the fraction of cells from each time point that make up each cluster. Cells were
clustered based on host and viral gene expression. (J) Plot showing the fraction of total viral transcripts belonging to each influenza segment in infected
GFP* cells, grouped by time point. GFP* cells were classified as infected based on the presence of 10 or more viral transcripts. If a fraction for a gene was
0, it was set to 0.001 for inclusion in the plot. (K) Bar graph depicting the percentage of infected cells (GFP", =10 viral transcripts) with detectable
deletions (>15 reads, >75 nt deletion, final product > 150 nt) in each flu segment or any segment.

time course experiment (Fig. 5A). It has been reported that lung epithelial cells, both in
vitro and in vivo, can have a high viral burden during IAV infection (6, 9, 15). In agree-
ment with previous studies, we found viral mMRNAs comprised from less than 1 to over
90% of the total cell transcriptome (Fig. 5B). Interestingly, we could observe a “gradi-
ent” of viral gene expression across our population of infected cells (Fig. 5B); labeling
infected cells by time point revealed that viral RNA levels were generally associated
with the infection time point (Fig. 5C and D). We experimentally validated this phe-
nomenon by infecting mice with Cal09-sfGFP and measuring fluorescence of infected
cells at different time points. Consistent with the scRNA-seq, we saw a larger amount
of virally expressed reporter protein per cell at days 2 to 3 compared to day 1 (Fig. 5E
and F).

We next performed unbiased clustering on the infected cells (Fig. 5G). This analysis
revealed that, in contrast to the bystander cells, clusters did not appear to predominately
group by infection time points. We found viral burden between clusters of infected cells

July 2022 Volume 96 Issue 14 10.1128/jvi.00505-22 10


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00505-22

Profiling of Ciliated Cells during IAV Infection Journal of Virology

varied and that clusters spanned multiple time points (Fig. 5H and I). Additionally, the rela-
tive expression of viral genes was similar to those seen in influenza virus-infected A549
cells (M > NP ~ HA > NS > NA > PB1 ~ PB2 ~ PA), apart from NS, which may be due to
our genetic manipulations in this segment (Fig. 5J) (6, 7).

Next, we performed an analysis for deletions within the IAV genomic segments.
While the scRNA-seq methodology we employed sequenced the 3’ end of viral transcripts
and thus poorly sampled total viral genetic diversity, some variants were nevertheless cap-
tured. One form of variation that can still be partially assessed in our analysis is the pres-
ence of large internal deletions in any given segment, a hallmark of defective influenza A
virus populations and whose presence can be associated with altered infection outcome
(54, 55). Setting an empirical threshold of deletion abundance and size based on rarefac-
tion curves, we found deletions throughout all eight viral segments (Fig. 5K; see Table S1
in the supplemental material), although the majority of infections did not meet our thresh-
olds for positive identification of large deletions.

Rare production of interferons by infected ciliated cells at later time points.
Finally, we turned our attention to understanding the variability in the cell response to
IAV infection. We performed unbiased clustering on the GFP* populations of cells with
10 or more viral transcripts across all three time points. For this analysis, we generated
a new gene expression matrix in which viral genes were removed to ensure viral RNA
levels would not confound our analysis of the host response. However, this strategy
revealed clusters (Fig. 6A) that were highly similar to those generated by the matrix,
including both host and viral genes (Fig. 5G).

Analysis of the top 10 most variably expressed genes by cluster revealed a number of
cellular responses after viral infection, including one subpopulation (cluster 1) which
expressed multiple chemokines (Cxcl1, Cxcl2, and Cxcl5) and another (cluster 6) which
expressed genes involved in epithelial cell integrity (Lgals3bp, Krt7, and Krt8) (Fig. 6B).
However, one subpopulation of ciliated cells (cluster 5) displayed high expression of both
type | and type Ill IFN in addition to other inflammatory cytokines such as /l6 and Ccl5 (Fig.
6B and C). Further analysis of gene expression in this cluster revealed a correlation between
type | and type Il IFN expression (Spearman'’s correlation coefficient (r,) = 0405, P < 0.0001),
which had been previously reported during IAV infection in vitro but not in vivo (Fig. 6D) (2).
Interestingly, cluster 5 was comprised of cells from 2 and 3 dpi, but not 1 dpi (Fig. 6E). Thus, a
time-dependent subpopulation of infected ciliated cells has the potential to not only respond
to, but also contribute to, the inflammatory cytokines in the infected lung.

We next asked what could be driving the expression of cytokines in this IFN* sub-
population. We found average expression levels of viral genes in the IFN* cluster,
which suggested IFN expression was not due to high or low viral burden (Fig. 6F). We
therefore compared the average expression of each segment in this cluster to total
infected cells, as the IAV protein NS1 is a known interferon antagonist, and the absence
of NS in single cells has been shown to be associated with interferon expression (2, 7).
We found a slight decrease in NS expression along with PA and NA (Fig. 6G) and meas-
ured a statistically significant negative correlation between NS and /fnb1 expression
(r, = —0.268, P < 0.0001) (Fig. 6H). However, the IFN* cells were not predominantly
derived from NS-negative viral particles, as we did detect NS expression in nearly every
Ifnb17 cell. This population of NS-negative cells may, in fact, exist but would be missed
in our experimental system, as our fluorescent infection reporter was encoded in this
segment. Finally, we explored whether Ifnb1+ cells contained viral genes with internal
deletions, as infection with defective viruses can induce IFN (15, 56-59). While we can-
not definitively claim any given infection did not contain a segment with an internal
deletion, in those infections in which we identified such variants, we did not see any
enrichment for Ifnb1 expression (Fig. 6l). Taken together, these results suggest that
interferon expression by infected ciliated cells cannot be entirely explained by differen-
ces in viral gene expression and is likely dictated at least in part by the specific tran-
scriptional state of the infected cell.
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FIG 6 Inflammatory antiviral responses are restricted to a subpopulation of infected ciliated cells during infection. (A) UMAP dimensionality reduction plot
showing unbiased clustering of infected GFP* cells. GFP* cells were classified as infected based on the presence of 10 or more viral transcripts. Clustering
was based on the expression of host genes only. (B) Heat map of the top 10 most variably expressed genes by each cluster of infected GFP* ciliated cells.
Cells are clustered based on host gene expression only. Genes are ordered based on P value. The scale of the heat map shows the expression of a gene by
each cell relative to the mean expression by all cells in the sample. (C) Violin plots of normalized expression for 6 of the top 10 most variably expressed
genes in cluster 5. Violin width indicates the frequency of the expression level. (D) Plot of the normalized expression (log,) of Ifnb1 versus Ifnl2 by cells in
cluster 5. A locally weighted scatterplot smoothing (LOWESS) curve was fitted to visualize the relationship of expression. Spearman'’s rank order correlation,
P < 0.0001; we reject the null hypothesis that there is no correlation between Ifnb1 and Ifnl2 expression. (E) Stacked bar graph showing the percentage of
each cluster in panel A that belongs to each of the three GFP* time points. (F) Box-and-whisker plot showing the fraction of total mRNA transcripts that
are virally grouped by cluster. Clustering was based on the expression of host genes only. Box extends from 25th to 75th percentiles with a line
representing the median value for each cluster. Whiskers extend to the minimum and maximum value. (G) Plot of average normalized expression of each
viral gene for total infected GFP* cells and cluster 5 cells. (H) Plot of the normalized expression of Ifnb1 versus NS for total infected GFP* cells. A LOWESS
curve was fitted to visualize the relationship of expression. Spearman’s rank order correlation, P < 0.0001; we reject the null hypothesis that there is no
correlation between Ifnb1 and NS expression. (I) Distribution of /fnb7 transcripts normalized to total cellular transcripts in GFP* infections in which
deletions were (+) and were not (—) detected according to our thresholds. For all panels: ns, not significant, and *, P = 0.05.

DISCUSSION

In this study, we sought to understand variability in the host response to IAV infec-
tion. To do so, we used a fluorescent HIN1 virus, a transgenic mouse model, and
scRNA-seq to explore the heterogeneity of gene expression in response to influenza vi-
rus infection in a single, highly susceptible epithelial cell population. Our analyses sup-
port several findings from prior single-cell studies focused on IAV infection but provide
further insights into the dynamic interplay between virus and host in vivo. Our data set
revealed that a small population of ciliated cells expressed ISGs before infection, which
we were able to validate using qRT-PCR and flow cytometry. During acute infection,
we found a small population of ciliated cells not only produce the majority of cytokines
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but also multiple cytokines at once. Finally, we found that ciliated cells are highly re-
sponsive to interferon signaling, as nearly all bystander ciliated cells had induced
expression of I1SGs by 2 dpi.

Despite our in-depth analysis of the ciliated cell-specific response to IAV infection,
there remain several outstanding questions. For example, in the infected (GFP™) cili-
ated cell samples, we identified a subpopulation of ciliated cells with high expression
of inflammatory cytokines, including type | and Il IFN, /l6, and Ccl/5 (Fig. 6B and C).
These data support the concept that epithelial cells in vivo may be relevant producers
of cytokines during IAV infection (60-63). We do not know, however, whether cytokine
expression was a stable characteristic of this population of cells or if at any given time,
infected cells have the potential to transiently upregulate these genes. Additionally,
the mechanism of the observed increased viral “burden” in infected cells over time
remains unclear (Fig. 5D to F). We favor a model in which the initiation of lytic cell
death is delayed in vivo relative to cell culture after infection, allowing for more
complex patterns of viral protein accumulation. Future studies will be required to
determine if the “rates” of virally induced cell death are different across different ex-
perimental systems, however, or if a completely different mechanism may explain
this observation.

We also identified a subpopulation of ciliated cells with basal ISG expression prior
to infection (Fig. 3G to I), but the biological significance of this population currently
remains unknown. Despite the upregulation of /fitm3 and Ifitm1, genes encoding pro-
teins known to prevent viral entry (64-66), we were unable to detect a block in the
infection of these cells (Fig. 3L). We therefore hypothesize that this subpopulation of
cells is primed to become the cells that produce interferon and other inflammatory
mediators after infection. Along these lines, an independent study recently showed
that epithelial cells in the upper respiratory tract of uninfected children expressed
higher basal levels of viral-sensing and antiviral genes than adults (67). The authors
hypothesized this may be linked to basal expression of type Il IFN in the airways and
could explain why children have reduced replication and increased clearance of SARS-
CoV-2 relative to adults. Further investigation will be required, however, to understand
if there is truly any functional link between basal gene expression signatures in epithe-
lial cells and phenotypically differential responses to infection.

We also made some experimental analysis choices that may be important for interpreta-
tion of our data. First, we captured contaminating lymphocytes and cells which concurrently
expressed both ciliated cells and other epithelial cell markers in our single-cell samples. This is
not uncommon, as cells with expression of markers for multiple epithelial cell types have
been described in single-cell data sets (12, 24, 68). We excluded cells with high expression of
secretory cell marker Scgba3a and alveolar type I/ll cell markers Pdpn and Ager, which could
have led us to exclude rare, but real, populations of ciliated cells. Along similar lines, in our
infected cell analysis, we defined infected cells as those that were GFP* and contained 10 or
more transcripts of viral genes. This likely resulted in some truly infected cells being thrown
out, possibly due to errors in sorting or failure to express GFP.

Additionally, we did not perform full virus genotyping in our infected cells. Although
we identified Ifnb1* cells that lacked observable viral gene deletions (Fig. 6l), it is possible
there were deletions or mutations in NS in cells with high Ifnb1 expression that we were
unable to detect. Further, the distribution of deletions across viral segments did not match
their anticipated abundance from prior studies, predominantly in the three polymerase
segments. However, we rarely observed the same deletion between time points, suggest-
ing these may be generated de novo over the course of these infections, absent, or at least
rare in our initial inoculum. Recent work suggests de novo deletion frequencies may be
more evenly distributed across the eight segments (69), whereupon selection thereafter
leads to their observed distribution (59).

In conclusion, our study provides an in-depth characterization of the ciliated cell
response to IAV infection and highlights the power of scRNA-seq to identify small but
discrete subpopulations of cells. We also propose that our data are consistent with the
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idea that the cell state prior to infection may influence how a cell ultimately responds
to infection. Further, we demonstrate the range of gene expression changes that can
occur in “bystander” cell populations. These data represent a step toward unraveling
the complexities during the establishment of viral replication beginning in a small
number of cells after a transmission event. Future studies have the potential to link
these types of changes to outcomes of infection and may ultimately allow for a better
understanding or prediction of individuals who will have mild or severe influenza
disease.

MATERIALS AND METHODS

Cell culture. MDCK cells (ATCC) were grown at 37°C and in 5% CO, and maintained in minimal
essential medium (MEM) supplemented with 5% fetal bovine serum (FBS), GlutaMAX, HEPES, sodium bi-
carbonate, and penicillin-streptomycin.

Viruses. Cal09-sfGFP (70) was generated by inserting the gene that encodes sfGFP into segment 8
using the same strategy previously used to encode Cre recombinase in A/Puerto Rico/8/1934 (26). The
sequence for each segment matches A/California/04/2009 GenBank accession numbers FJ966079 to
FJ966086 with the following nucleotide substitutions noted: PB2, C1170T; PA, G1953A; HA, G6A, G368T,
A640G, A716G; NP, T9C, C865T.

Growth curve. Wild-type Cal09 or Cal09-sfGFP virus (1,000 PFU) was injected into 10-day-old embryo-
nated chicken eggs and then incubated until the indicated time points at 37°C to allow for viral replication.
Allantoic fluid was collected, serially diluted, and then plaqued on MDCK cells. Plaques were stained using
sera from Cal09-infected mice and sheep anti-mouse IgG peroxidase-linked whole antibody (Cytiva; catalog
no. NXA931V) and then visualized with KPL TrueBlue peroxidase substrate (SeraCare; catalog no. 5510-0030).

Time course of single-cycle infection in MDCK cells. Confluent MDCK cells were mock infected or
infected with Cal09-sfGFP with a multiplicity of infection (MOI) of 0.5 for 1 h at 37°C. Virus was removed,
and maintenance medium was added to cells. Cells were collected at the indicated time points and fixed
with 2% paraformaldehyde (PFA) before being analyzed.

Mouse lines and tamoxifen treatment. Wild-type C57BL/6, B6.Cg-Gt(ROSA)26Sortm14(CAGtdTomato)
Hze/J (tdTomato), and B6.Cg-Ifngritm1Agt Ifnaritm1.2Ees/J (IFNAR1~/~ IFNGR17~/7) mice were pur-
chased from The Jackson Laboratory. Foxj1<*®?* mice were developed by Chay T. Kuo (42). tdT;
foxj1<ER2/* |itters were genotyped using the following primers: F, TGGCTTGCAGGTACAGGAGG, and R,
CCTCATTGTGGCCAACAAACCC. To induce reporter expression, tdT;foxj1 mice were treated with 2 mg of
tamoxifen (Sigma-Aldrich; catalog no. T5648-1G) resuspended in corn oil via oral gavage 5 to 6 times
over a 2-week period.

Mouse infections. For all infections, mice were anesthetized with 100 uL of ketamine-xylazine and
infected intranasally with 40 uL of virus (2.8e4 PFU Cal09-sfGFP for all experiments except Fig. 3K and L
(1.4e5 PFU)) diluted in pharmaceutical-grade PBS. The humane endpoint was reaching 80% of starting
body weight. Body weight was monitored once daily for 14 dpi or until collection time point. All experi-
ments used a minimum of 3 mice per condition. Male and female mice were used and randomly
assigned to experimental and control groups. All experiments were conducted in accordance with Duke
IACUC.

Flow cytometry. To isolate murine lung cells for flow cytometry analysis, lungs were perfused with 7 mL
PBS, inflated with 0.75 mL Dispase (Corning, catalog no. 354235, or Sigma, catalog no. 4942078001) and 0.75 mL
1% low-melt NuSieve GTG agarose (Lonza; catalog no. 50081) dissolved in water, and covered with an ice pack
for 30 s. The lungs were removed and then incubated in 1 mL Dispase for at least 45 min at room temperature
before being minced by razor blade in 7 mL Dulbecco’s modified Eagle medium (DMEM) with DNase | (Sigma-
Aldrich; catalog no. D4527-200KU). For tracheal cell isolation only (Fig. 11 to K), the trachea was removed and
incubated in 400 uL of Dispase for at least 45 min before continuing the same protocol. The cells were further
homogenized by vigorous pipetting and filtered using a 70-um cell strainer (Olympus; catalog no. 25-376). Red
blood cells were lysed by incubating cells in 1x Pharm Lyse buffer (BD Biosciences; catalog no. 555899) for 10
min at room temperature. The remaining cells were neutralized in PBS with 2% bovine serum albumin (BSA)
(Lampire; catalog no. 7500855) before antibody staining. The following primary antibodies were used: CD45
(BioLegend; clone 30-F11; 1:200), CD31 (BioLegend; clone 390; 1:200), CD326/EpCAM (BD Biosciences; clone G8.8;
1:100), CD24 (BD Biosciences; clone M1/69; 1:200), CD317/BST2 (BioLegend; clone 129C1; 1:100), CD15/SSEA1
(BioLegend; clone MC-480; 1:50), and isolectin B4 (Enzo; catalog no. ALX-650-001B-MC05; 1:1,000). Cells were
incubated with primary antibodies for 1 h at 4°C in the dark. For collection of live BST2™ or BST2" cells, cells
were incubated with Live/Dead stain (Thermo Fisher Scientific; catalog no. L34964) prior to primary antibody
staining. Cells were analyzed using the FACSCanto Il or LSRFortessa X-20 using standard laser and filter combina-
tions. Gates were set using fluorescence minus one (FMO) or unstained controls. Data were analyzed using
FlowJo software. If cells were not run the same day as isolation, cells were fixed with 2% PFA after antibody stain-
ing and kept at 4°C in the dark for up to 48 h.

Microscopy. Lungs were inflated with 1.5 mL of 1:1 Tissue-Tek OCT (VWR; catalog no. 25608-930)
and 8% PFA before the trachea was tied off with suture string. The lungs were fixed overnight at 4°C in
4% PFA before incubation in 30% sucrose in PBS at 4°C for at least 24 h. The lungs were then embedded
in OCT and cryosectioned (8-um sections). Sections were thawed and allowed to dry for 2 h at room
temperature before blocking with 3% BSA in PBST (PBS with 0.1% Triton X-100) and 5% normal goat se-
rum (Thermo Fisher Scientific; catalog no. 31872) for 1 h at room temperature. The sections were then
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stained with primary antibodies overnight at 4°C and secondary antibodies at room temperature for 2 h
(1:1,000). Primary antibodies used include ACTUB (Abcam, clone EPR16772, catalog no. ab179484,
1:1,000, or Sigma-Aldrich, clone 6-11B-1, catalog no. T7451, 1:1,000) and ISG15 (Invitrogen; clone
1THI9L21; catalog no. 703132; 1:100). Following incubation with Hoechst 33342 (1:10,000) for 5 min at
room temperature and 2 PBST washes, the sections were mounted in Prolong Diamond antifade mount-
ant (Invitrogen; catalog no. P36965). If Hoechst 33342 was not used (Fig. 2D), nuclei were stained using
Prolong Diamond antifade mountant with DAPI (4’,6-diamidino-2-phenylindole; Invitrogen; catalog no.
P36962). Imaging was performed using a Zeiss 780 upright confocal microscope with consistent settings,
and raw images were processed using Fiji software (NIH).

Isolation of ciliated cells for scRNA-seq. Tamoxifen-treated tdT;foxj1 mice were infected with
Cal09-sfGFP or mock infected with PBS, and the lungs were collected 1, 2, and 3 dpi (2 mice per condi-
tion). Single-cell suspensions were generated as described above, and cells from mice of the same condi-
tion were pooled. Single tdTomato™, tdTomato™ GFP~, and tdTomato™ GFP* cells were isolated using a
BD FACSDiVa. The cell suspensions were then counted using a Nexcelom Cellometer K2. The cells were
diluted to capture 3,000 cells per sample and loaded into a 10x Genomics Chromium Next GEM chip.
cDNA libraries were generated from the GEMs according to the manufacturer’s instructions (Chromium
Next GEM single-cell 3’ library kit v3.1) and run on an Agilent 4200 tape station for quality control.
Libraries were quantified using Qubit high-sensitivity DNA assay (Thermo Fisher; catalog no. Q32854)
and then sequenced on an Illumina NovaSeq. The lllumina base call files (BCLs) were demultiplexed into
FASTQs, which were then aligned to a custom-concatenated mm10 and Cal09 genome reference file
and counted using 10x Genomics CellRanger pipeline (version 3.1.0).

Single-cell data analysis. (i) Data QC. The raw and filtered output files from the CellRanger pipeline
were read into SoupX (71) (v1.5.2) to filter reads from lysed cells using the command Load10x.
Contaminating reads from lysed cells were estimated using the command autoEstCounts, and the adjusted
count table (whole integers) was generated using adjustCounts. The output was then used to make a
Seurat (v4.0.4) object using CreateSeuratObject. The count matrices for the 7 samples were merged, and ini-
tial QC was performed. Cells that contained fewer than 500 or more than 6,000 genes were excluded in
addition to cells whose mitochondrial genes made up more than 20% of the total transcriptome. Cells with
fewer than 1,500 or more than 80,000 unique molecular identifiers (UMIs) were also removed.

Following an initial round of unbiased clustering using the standard Seurat workflow (72), clusters
with high expression of lymphocyte markers (Cd52, Ctla2a, Cd8a, Lyz2, and Ptprc/CD45) were removed,
along with cells with high expression of secretory cell marker Scgb3a2 (>5 UMlIs) and alveolar type /1l
markers Ager (>5 UMIs) and Pdpn (>5 UMIs). We did not positively select cells based on expression of
ciliated cell markers for bystander and infected cell analysis, as expression of these genes decreases dra-
matically during infection (35, 39). However, the remaining cells were considered ciliated based on
>97.88% expression of ciliated cell markers Foxj7 and Tubb4b in the mock population.

(ii) Mock sample analysis. The mock sample was subsetted to make a new Seurat object. The per-
centage of cells expressing Tubb4b and Foxj1 was calculated using the function PrctCellExpringGene
(Ryan-Zhu, Github). For clustering, we restricted our analyses to cells with at least 1 transcript of Foxj1.

(iii) Infected sample analysis. The three GFP-positive samples (1, 2, and 3 dpi) were subsetted to
make a new Seurat object. To remove GFP* cells that were considered “uninfected,” the raw UMI counts
of each flu gene per cell were exported to an Excel sheet, and viral counts were summed. Cells with
fewer than 10 total viral transcripts were considered uninfected and removed from the object. To cluster
infected GFP* cells based on host gene expression, a new count matrix with viral genes removed was
created. The GFP* object was then subjected to the standard Seurat workflow for unbiased clustering.
The cluster ID for each cell was added to the meta data of the original object containing viral genes to
explore the relationship between host and viral gene expression.

(iv) Bystander sample analysis. The three GFP~ samples (1, 2, and 3 dpi) were subsetted to make a
new Seurat object. To remove GFP~ cells that were considered “infected,” the raw UMI counts of each
flu gene per cell were exported to an Excel sheet, and viral counts were summed. Cells with 10 or more
total viral transcripts were considered infected and removed from the object. The GFP~ object was then
subjected to the standard Seurat workflow for unbiased clustering.

Deletion analysis. All gapped reads mapping to influenza A virus from cellranger-generated BAM
files were extracted based on their CIGAR string and converted to FASTA. Critically, these gapped reads
use splice scoring and are inappropriate for calling bona fide deletion junctions. Therefore, similar to
previous work (59), we remapped these reads using BLASTn against an empirically verified Cal09-sfGFP
genome using the following parameters: a percent identity of 90, a word size of 10, a gap open penalty
of 5, extend penalty of 2, and an E value cutoff of 0.000001 (73). Files were then parsed to identify poten-
tial deletion junctions with the following rules: such reads must map completely with no “missing” bases
and must map with the same polarity with no inversion, and repetitive elements, such as 2 nucleotides
(nt) repeated at the 5’ and 3’ ends of the junction, which could, in theory, be assigned to either, were
assigned to the 5’ end arbitrarily. Each junction-spanning read was compared to the original BAM file,
and identical UMIs were collapsed to a single transcript supporting the presence of a junction and there-
after enumerated on a per-cell barcode basis. To set a threshold read support for deletion calling, a rare-
faction analysis was performed looking at the fraction of deletions called that were lost as we increased
the read depth required for support; a depth of 15 was chosen as the point at which the curve flattened.
This presumably will help to reduce template-switching artifacts or lysis-derived deletions, although it
will likely come at the cost of missing low-depth deletions and bias our data set toward deletion calling
in high-burden infections. A similar rarefaction curve on deletion size revealed a large set of small dele-
tions <75 nt, which comprised 20% of deletions present in our data set. We excluded these deletions as
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potentially exhibiting divergent behavior from large internal deletions. Lastly, a small, <150-nt species
was observed in the M segment, which may have been either a novel splice product or a template-
switching artifact, which was excluded from further analysis, as its relative abundance across many barc-
odes and incredibly small size made its identity as a large internal deletion unlikely.

qRT-PCR. Live BST2+ and BST2~ ciliated cells (CD45~ CD31~ CD24" or EpCAM™ CD24") from tdTomato
mice were sorted using the Sony SH800S cell sorter. At least 180 cells were collected for each sample per
mouse. cDNA libraries were prepared for each sample using SMART-Seq v4 Ultra Low Input RNA kit for
sequencing (TaKaRa Bio; catalog no. 634888). gPCR was performed using TagMan Universal PCR master mix
(Applied Biosystems; catalog no. 43-044-37) and the following TagMan assays: EpCam (MmO00493214_m1),
Tubala (MMO01300524_g1), Bst2 (Mm01340357_g1), Isg15 (Mm01705338_s1), Ifitm3 (Mm00847057_s1), and
Ifit1 (Mm00515153_m1).

Data analysis. For all experiments, the statistical tests used are noted in the figure legends and
were performed in GraphPad Prism (version 9.0.1). In vitro experiments were conducted 4 times with 3
technical replicates each. Egg or animal studies used a minimum of n = 3 for all groups and were con-
ducted at least twice except for the scRNA-seq experiment (n = 2, conducted once).

Data availability. Raw and processed sequencing data are available to download from NCBI GEO
via accession number GSE203018.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 0.3 MB.
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