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In brief

In this study, an imaging technology,
“VISUN,” is developed that allows live-
cell visualization of unmodified influenza
virus during infection with single-vRNP
resolution. Combining VISUN with
multiplex gene expression analysis
revealed the origins of viral infection
heterogeneity and identified important
functions of viral proteins.
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SUMMARY

Cell-to-cell heterogeneity in infection outcome is a general feature of most viruses, but the underlying mech-
anisms are poorly understood. Here, we developed a live-cell single-molecule imaging technology to visu-
alize infection by unmodified influenza A viruses (IAVs) with unprecedented resolution. Using this approach,
we generated a detailed kinetic map of IAV infection, which identified viral ribonucleoprotein (VRNP) replica-
tion, nuclear export, and virion budding as important sources of heterogeneity. Mechanistically, we show that
infection heterogeneity is caused by differential viral gene expression signatures, resulting from widespread
transcriptional defects and loss of viral genome segments. For example, loss of NS, but surprisingly not po-
lymerase subunits, severely delays replication onset, and loss of M and NS, but not HA, underlies vVRNP nu-
clear export defects. In summary, our work identifies the origin and consequences of infection heterogeneity
and provides a broadly applicable technology that allows high-resolution phenotyping of unmodified IAVs

and other negative-strand RNA viruses.

INTRODUCTION

Influenza A virus (IAV) causes a major health and economic
burden on society through annual seasonal outbreaks and occa-
sional pandemics.’™® The negative-strand RNA genome of 1AV
has a total length of ~15 kb, distributed over eight viral genomic
RNAs (VRNAs), called genome segments, each of which con-
tains one or more open reading frames that encode viral
proteins. Each genome segment is encapsidated by the nucleo-
protein (NP) and bound by one copy of the viral RNA-dependent
RNA polymerase (vRdRp), consisting of the polymerase basic
protein 1 (PB1), polymerase basic protein 2 (PB2), and polymer-
ase acidic protein (PA),* to form a stable unit called the viral
ribonucleoprotein (vRNP).®

Upon attachment to the host cell plasma membrane, IAV vi-
rions undergo endocytosis, and VRNPs are subsequently
released into the cytoplasm, after which they translocate to the
nucleus, where they reside for the majority of the infection cycle.
In the nucleus, vVRNPs undergo transcription to produce polya-
denylated and capped viral mRNAs, which are translated by
host ribosomes. At some point in the IAV infection cycle, vRNPs
are thought to switch from transcription to replication through
(™

Check for
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mechanisms that are incompletely understood.® ' Once suffi-
cient viral proteins and vVRNPs have been synthesized, nuclear
export of the vVRNPs is triggered, and vRNPs are trafficked to
the plasma membrane, where assembly of progeny virions takes
place.

Although the canonical IAV infection cycle is relatively well
understood, infections by IAV, like many viruses, can be highly
heterogeneous at the single-cell level in terms of kinetics, suc-
cess, and host cell responses.’’™'° Heterogeneity in events
that occur during early infection may be especially relevant, as
small (kinetic) differences in early infection could become ampli-
fied to cause major differences in infection outcome. Despite its
importance, infection heterogeneity is poorly understood, largely
due to limitations of current methodology. Many techniques to
study virus infection make use of bulk cell analyses, which only
provide cell population averages, masking single-cell heteroge-
neity. Most techniques that gather single-cell information require
cell fixation or lysis and thus only provide snapshot information,
making it challenging to link early infection heterogeneity to late-
stage infection outcomes. Events during very early infection
have been especially challenging to study, because the levels
of viral protein and RNA present during early infection are
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typically below the detection sensitivity threshold, resulting in a
major gap in knowledge on IAV infection. To tackle these limita-
tions, we have recently developed virus infection real-time imag-
ing (VIRIM), a method to visualize infection by positive-strand
RNA viruses with single-vRNA resolution.'® Although VIRIM pro-
vided initial insights into early infection dynamics and heteroge-
neity, the requirement for vRNA translation for visualization limits
its use to positive-strand RNA viruses only and hampers obser-
vation of many key steps in the viral infection cycle, including
viral entry, replication, and virion budding. Moreover, defective
VRNAs are not observed, limiting the understanding of infection
heterogeneity and success. Finally, VIRIM requires genetic engi-
neering of the viral genome, which can attenuate viruses and
limits its application to laboratory strains. Thus, to understand
infection kinetics and heterogeneity, a new type of approach is
required.

Here, we develop “vRNP imaging at single-molecule resolu-
tion of unmodified negative-strand viruses” (VISUN), a broadly
applicable approach for live-cell imaging of virus infection with
single-vRNP resolution. VISUN not only allows imaging of nega-
tive-strand RNA viruses for the first time but also enables direct
visualization of viral entry and vRNP localization, replication, and
nuclear export with single-vRNP resolution. Moreover, VISUN
does not require genome engineering, allowing real-time visual-
ization of many viral variants and clinical samples. We apply
VISUN to IAV to generate a single-cell map of the entire IAV infec-
tion cycle with unprecedented spatial and temporal resolution.
Our analysis provides a comprehensive kinetic map of infection,
reveals substantial heterogeneity among individual 1AV infec-
tions, and identifies the key bottlenecks in infection that drive
heterogeneous infection outcomes. Specifically, we find that
heterogeneous viral gene expression signatures underlie hetero-
geneity in infection outcome and show that vRNP packaging de-
fects, host cell division, and failed transcriptional activation
together shape heterogeneous gene expression. Furthermore,
by comparing viral gene expression signatures with infection his-
tory at the single-cell level, we determined the impact of loss of
each viral genome segment in the context of natural infection.
For example, loss of NS expression, but not polymerase subunit
expression, severely delays replication onset, and defective
expression of M or NS, but not HA, prevents VRNP nuclear
export. In summary, our study identifies both the origins and
consequences of infection heterogeneity, provides insights into
viral gene function, and establishes a generally applicable tech-
nology to study virus infection.

RESULTS

Visualizing early IAV infection by single-molecule
imaging

To map IAV infection cycle dynamics (Figure 1A), we aimed to
develop a technology that would allow visualization of IAV infec-
tion in living cells with single-vRNP resolution. To label single
VRNPs in living cells, we expressed a fluorescently tagged
anti-NP nanobody (NbNP-GFP) fused to a nuclear localization
signal (NLS) in human A549 cells and infected the cells with
wild-type IAV (strain PR8) (Figure 1B)."” Bright fluorescent foci
were observed in individual cells by spinning-disk confocal mi-
croscopy after virus inoculation but not in mock-inoculated cells
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(Figures 1C, S1A, and S1B; Video S1), nor in cells pretreated with
the IAV entry inhibitor bafilomycin A1 (BafA1) (Figure S1C)."® At
low multiplicity of infection (MOI), infected cells typically con-
tained 7 or 8 spots, consistent with the expected number of
VRNPs per virion (Figure S1D), whereas >8 foci were observed
at higher MO, allowing classification of cells as uninfected or in-
fected with 1, 2, or >2 virions (Figures 1C and 1D). Because this
approach enabled single-vRNP imaging of negative-strand RNA
viruses, we refer to this method as “vRNP imaging at single-
molecule resolution of unmodified negative-strand viruses”
(VISUN). Combining VISUN with single-molecule fluorescence
in situ hybridization (smFISH) labeling of vVRNAs revealed
that the large majority of VISUN foci represented vVRNPs, with
a small subset of VISUN spots likely representing encapsidated
copy RNAs (cRNAs), positive-strand genome replication
intermediates (Figures S1E-S1G). Labeling of vRNPs by
VISUN did not substantially alter vRNP nuclear import or
export rates (Figures S1H and S1l) or overall virus fitness
(Figures 1E and 1F). In contrast, expression of Nb"* without an
NLS severely attenuated IAV infection, as reported previ-
ously'”'? (Figure S1J), likely due to cytoplasmic sequestration
of VRNPs by cytoplasmic NbN® upon viral entry. To ensure that
VISUN spots represent full-length genome segments, rather
than truncated defective interfering genomes (DIGs),? > viruses
were passaged a maximum of two times, and at low MOI before
performing VISUN experiments, which minimized DIG formation
(Figure S1K). To assess whether DIGs could, in principle, be de-
tected using VISUN, we generated a virus stock though reverse
genetics that exclusively contained a truncated HA segment of a
length typical for DIGs (HA-DIG, 450 nt).?"*** Using this virus
stock, we determined that VISUN is sufficiently sensitive to
detect DIGs (Figures S1L-S1N). VISUN could be successfully
applied to a range of phylogenetically distant IAV isolates from
human, swine, and avian origins, and was even successful for
patient-derived virions (Figures 1G and S10), enabling compar-
ison of the infection cycle of different IAV strains and isolates.
After vRNP entry, the number of VISUN spots in the nucleus typi-
cally remained constant for several hours, after which an in-
crease in numbers was observed, indicative of vRNP replication
(Figures 1H, 11, and S2A). Spot number rapidly increased until
too many spots were present to resolve individually, resulting
in a diffuse nuclear signal (Figure 1H, referred to as “extensive
VRNP replication”). The increase in the number of VISUN spots
was matched by an increase in VRNAs, as detected by smFISH,
indicating that it reflects bona fide genome replication
(Figures S2B and S2C). At late stages of infection, cells harboring
replicating virus often showed translocation of VISUN signal
from the nucleus to the cytoplasm (Figure 1H [last time point]
and 1J), reflecting VRNP nuclear export (Figures 1J, S2D, and
S2E), which is known to occur late in infection to allow genome
packaging into new virions at the plasma membrane. VISUN
signal often accumulated in large foci near the cell periphery
(Figure 1J, arrows), which may reflect sites of particle assembly.
In conclusion, we have established VISUN as a single-molecule
live-cell assay to visualize 1AV infection, vRNP replication, and
VRNP nuclear export. VISUN does not require genetic modifica-
tion of IAV and can be applied to phylogenetically distant IAV var-
iants. As such, VISUN provides a unique opportunity to study
viral infection in single cells.
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Figure 1. VISUN: A technology to image single IAV vRNPs in live cells

(A) Cartoon of the IAV infection cycle. Early (yellow shading) and late (gray shading) phases of infection are characterized by low and high abundance,
respectively, of viral material in the cell.

(B) Cartoon of the VISUN single-vRNP imaging assay. Upon entry, fluorescently labeled NbN” molecules bind to multiple copies of NP present in VRNPs, locally
enriching fluorescence signal. NbF fluorescent spots in cells thus represent single vVRNPs.

(C) Example images of A549-NbNP-NLS cells inoculated with IAV (strain PR8) at 1 hpi. Shown are examples of cells infected by 0, 1, 2, or >2 virions, inferred from
the number of VRNPs.

(D) Quantification of the frequency of infections with 0, 1, 2, or >2 virions in A549-NbNP-NLS cells 1 hpi at different virus concentrations.

(E and F) Virus replication curves for the indicated cell lines as assessed by intracellular viral RNA quantification by gPCR (E) or infectious virus particle production
as assessed by TCIDsq assay (F). Error bars indicate SD.

(G) Example images of A549-NbNP-NLS cells inoculated with the indicated IAV isolates, imaged at 1 hpi.

(H) Example images from a time-lapse movie of A549-NbNP-NLS cells inoculated with IAV. Images show indicated infection cycle phases as visualized by VISUN.
() Quantification of VISUN spot count over time in infected A549-Nb™P-NLS cells. Every line represents a single cell. All traces were aligned in silico to the moment
of first detection of VISUN spots. The expected value of eight vVRNPs for a single-virion infection is indicated by the dashed line. Five representative cells are
shown in which viral genome replication occurs.

(J) Last time point of the time-lapse movie shown in (H) showing nuclear export of vRNPs by VISUN (left) and NP immunofluorescence (IF) staining (right) of the
same cell. Arrows highlight potential particle assembly sites.

(C, G, H, and J) Scale bars, 5 pm.

Mapping late-stage viral infection

To map the IAV infection cycle from beginning (VRNP entry) to
end (viral progeny production), we aimed to develop a second,
orthogonal approach to study infection progression during late
stages of infection. We purified a fluorescently labeled Nb tar-
geting the HA extracellular domain (Nb™) (Figure S3A)*° and
added it to the cell culture medium during long-term VISUN im-
aging (Figure 2A). Nb" labeled infected cells from 3 to 9 h post
inoculation (hpi) (Figures 2B and 2C), allowing real-time, quan-
titative analysis of viral protein synthesis over the course of
infection in single cells without genetic modification of the virus.
Notably, most cells that underwent genome replication, as as-

sessed by VISUN, showed strong Nb™ labeling, whereas weak
staining was found in a subset of infected cells in which no
genome replication was observed, likely representing viral tran-
scription in the absence of replication (Figures S3B and S3C).
Nb" also successfully labeled single virions, which are coated
by HA protein, both in purified virions and in situ in infected cell
cultures, allowing real-time single-cell visualization of viral
progeny production (Figures 2D, S3D, and S3E; Video S2). In
summary, Nb™™ live-cell imaging is complementary to VISUN,
and together these techniques can be used to map the kinetics
and cell-to-cell heterogeneity of the IAV infection cycle from
start to end.

Cell Systems 17, 101489, February 18, 2026 3
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Figure 2. NbHA imaging reveals dynamics of viral protein synthesis and progeny production
(A) Cartoon illustrating the extracellular HA and progeny labeling method using the Nb™*. Red circles indicate a fluorescent protein associated with the Nb™.
(B) Example images from a time-lapse movie of an IAV-infected cell labeled with Nb™*. Orange dashed square indicates a zoom-in highlighting viral progeny

release. Scale bar, 25 pm.

(C) Nb"A intensity time traces of single cells that are infected with IAV undergoing VRNP replication. Replication was called using VISUN.
(D) Example images of an infected cell at 20 hpi stained with No™ and smFISH probes targeting all vVRNAs. The outline of the infected cell is visible along with

multiple progeny virions (dual-color spots). Scale bar, 5 pm.
See also Video S2.

Single-cell viral infection kinetics

Having established VISUN and Nb™ live-cell imaging technolo-
gies, we set out to generate a detailed map of IAV infection dy-
namics. Starting at vVRNP entry, we first determined the time
from virus inoculation to vVRNP entry, which we found to be highly
heterogeneous among cells, ranging from ~10 min to several
hours (average, 190 + 169 min) (Figure 3A). To identify the origin
of heterogeneity in VRNP entry dynamics, we examined the
timing of individual sub-steps in the viral entry pathway in more
detail. IAV virions first undergo endocytosis by host cells, fol-
lowed by virion fusion with endosomal membranes and nuclear
import of VRNPs. To measure the time from endosomal uptake
to nuclear entry, we synchronized virus entry by exploiting
IAV’s dependency on low pH for fusion (Figure S4).>* After pH
adjustment, vRNPs rapidly accumulated in the nucleus with a
median time of 6.1 min (Figure 3A), which was much shorter
than the median time of 140 min needed from virus inoculation
to nuclear entry. Therefore, we conclude that the pre-fusion
phase (host cell attachment and endocytosis) is the most time-
consuming phase of VRNP entry. To dissect the kinetics of
post-fusion VRNP release into the cytoplasm, we performed
VISUN imaging with high temporal resolution after synchronized
entry. Shortly after pH adjustment, a single bright, largely station-
ary spot appeared in many cells (median time to spot appear-
ance, 1.3 min), which likely represents assemblies of all vRNPs
in a bundle that are labeled by cytoplasmic Nb"¥ immediately af-
ter endosomal fusion (Figures 3B and 3C), indicating that endo-
somal acidification and membrane fusion occur within minutes in
this assay. From these bright foci, vVRNPs split off in a step-by-
step fashion (Figures 3B and 3D). Contradicting earlier studies
had suggested that vVRNPs were released from the vRNP bundle
either individually®® or in groups.® To resolve this question using
our real-time single-vRNP imaging approach, we compared
VRNP bundle intensity before and after the first VISUN spot split

4 Cell Systems 17, 101489, February 18, 2026

off from the bundle (see STAR Methods). This analysis revealed
that, at least for IAV PR8, vRNPs were predominantly released as
single VRNPs rather than as groups (Figure 3E). The entire vVRNP
unpacking process is relatively fast (median time of 1.1 min), indi-
cating that this step is not a kinetic bottleneck in IAV infections
(Figure 3F). Based on these results, we calculated the duration
of intracellular transport of vVRNPs from the endosomal release
site to the nucleus to be ~5 min.

Our results provide a detailed map of IAV entry dynamics and
identify viral attachment to host cells and the early stages of
endocytosis as the major kinetic bottleneck in the viral entry
process. We next aimed to map the kinetics of viral infection
progression after VRNP nuclear entry. For this purpose, we per-
formed long-term VISUN and Nb™ imaging and determined the
time between (1) vVRNP entry and initiation of replication, (2) initi-
ation of replication and vVRNP nuclear export, (3) initiation of repli-
cation and HA accumulation, and (4) HA accumulation and virion
production. Substantial cell-to-cell heterogeneity was observed
for most steps of the infection cycle (Figures 3G-3K). Notably,
the step from VRNP nuclear entry to initiation of replication
(i.e., synthesis of sufficient viral polymerase and NP) took almost
as long as the time from the first replication event to VRNP
nuclear export, which encompasses synthesis of 10,000s-
100,000s VRNAs®” (3.3 vs. 5.2 h) (Figure 3l). These measure-
ments reveal that preparation for the first replication rounds is
relatively time consuming; however, once all components are
in place, subsequent rounds of replication can occur rapidly,
illustrating the highly exponential nature of replication during
infection. The time from VRNP nuclear export to budding of
progeny virions was short (~0.3 h), indicating that vVRNP export
from the nucleus is precisely timed during infection such
that all components for packaging and virion budding have
been prepared at the moment when vRNP nuclear export initi-
ates (calculated from Figures 3|-3K). Late nuclear export of



¢? CellPress

OPEN ACCESS

Cell Systems

A B VRNP endosomal escape G
g - .
c 10000 - —e
QO = n °
kst L ]
§3 1000 . M
S>E 100 P .
E 8 7 - *
=50 10 = °
o 3 L °
o’ 1 . .
£ © n °
i - .
= 0.1 - .
- o
- ]
- °
- 2 ]
- *
- 2 ]
g : 2 ]
- ]
8 1] °
f . -e
(o D Time to VRNP E F ) .
6 4 - endosomal escape 2.0 4.0 2 - °
% — o 2 = - °
5 eE 3 22 ° 7 ——
T4 Z E o]e & g 1.5 = 30 . .
€ ) 8 o £ 3 £ o°p - °
=3 o 1418 3o 1.0 =20 e
o =® @ o= [} ° n .
£ B N iz o] 2 e —
= 8 £o 05 1.0 - *
1 £20248 8 s° ofie e
0 = o0 e 0.0 004 = o
Time from pH change 01234586 Time from VRNP .' :
to VRNP bundle Number of vVRNPs o detection to —m——e
detection released from bundle q;?‘}o e complete debundling 7:7 - :
L L ]
I K - *
14 14 — e’
_ . 12 _12 '. P
g 210 210 0 5 10 15
2 28 28 Time [hpi]
® o 6 o 6
E E 4 =N E 4 First detection of:
2 = 2
0 0 VRNP nuclear entry
Time from vVRNP Time from first VRNP Time from first Time from first B VRNP replication
nuclear entry to replication to vVRNP VRNP replication to detection of HA HA
first VRNP replication nuclear export detection of HA to progeny release ® VRNP nuclear export

Figure 3. Mapping IAV infection cycle kinetics

(A) Quantification of the time of first nuclear detection of VISUN spots relative to the moment of inoculation (left) or to the moment of pH change (which induces
virion-endosome fusion) (right).

(B) Example images of a time-lapse movie of IAV inoculated A549-NbNP-NLS cells showing VRNP cytoplasmic entry. Arrowheads indicate the slow-moving vVRNP
assembly, from which single vRNPs split off over time (dim spots). Scale bar, 5 pm. See also Video S3.

(C) Quantification of the time from pH adjustment to first detection of the vVRNP bundle by VISUN.

(D) Quantification of the time until the next vRNP is released from the VRNP bundle, relative to the number of released VRNPs.

(E) Intensity of the vVRNP bundle before and after the first VISUN spot splits off the bundle. Data are normalized to the intensity of the bundle before splitting. The
expected intensity if a single VRNP spilits off from the bundle is shown (“expected”). The expected intensity depends on the total number of VRNPs present in each
bundle, which was assessed by counting the number of VISUN spots after debundling was complete.

(F) Quantification of the time between the first detection of the virion bundle and complete disassembly of the vVRNP bundle. Dots represent single virions.

(G) Example single-cell viral infection cycle traces. The moment of vVRNP nuclear entry, initiation of vVRNP replication, first HA detection, and vVRNP nuclear export
are indicated. t = 0 indicates the moment of inoculation.

(H) Quantification of the time between VRNP nuclear entry and vRNP replication initiation.

(I) Quantification of the time between vRNP replication initiation and vRNP nuclear export.

(J) Quantification of the time between VRNP replication initiation and HA detection at the plasma membrane.

(K) Quantification of the time between HA detection at the plasma membrane and progeny virion release.

(A and C-F) Lines represent medians and dots single events. (H-K) Dots represent single cells.

See also Video S3.

Infections progress through diverse pathways
A previous study showed that many infected cells fail to produce

VRNPs may allow maximal accumulation of vRNPs in the nucleus
before packaging occurs to generate high numbers of new

progeny. Together, these analyses establish a detailed single-
cell kinetic map of infection progression and identify host cell
attachment and endocytosis of virions, initiation of vRNP replica-
tion, and vRNP nuclear export as major kinetic bottlenecks in
infection.

infectious virions, suggesting that one or more steps in the post-
entry viral life cycle frequently fail.’® Indeed, when we compared
the viral titer as determined by VISUN, which assesses the number
of virions that enter cells, with the titer as determined by a 50% tis-
sue culture infectious dose (TCID5g) assay, which assesses the

Cell Systems 17, 101489, February 18, 2026 5
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Figure 4. 1AV infections abort at multiple steps in the viral infection cycle

(A) Viral titer for virus stocks produced in either A549 cells, MDCKII cells, or chicken eggs. The titer was determined either by VISUN, which detects VRNPs after
entering the host cell nucleus, or by TCIDsq, which detects only successful infections that cause a detectable cytopathic effect. Titers are shown relative to the
median VISUN titer. Dots represent independent experiments.

(B) Example images of VISUN spots either in the cytoplasm of A549-NbNFcyto cells or in the nucleus of A549-NbNP-NLS cells, imaged at 1 hpi. Scale bar, 10 um.
(C) Quantification of the number of vVRNPs delivered into the cytoplasm or nucleus.

(D) Example images for six IAV infection phenotype classes. Orange dashed lines indicate cell outlines. Blue dashed lines indicate nuclear outlines. All NbHA
images are also shown with 15-fold increased contrast (right). Note, that at these contrast settings, virions and fluorescent cell debris are also visible. Scale
bar, 10 pm.

(E) Example single-cell infection cycle traces, which indicate the moment of nuclear vRNP detection, initiation of vVRNP replication, first HA detection, and vRNP
nuclear export. Each horizontal line represents a single cell.

(F) Quantification of the average fraction of one-virion infected cells in which vRNP replication, vVRNP nuclear export, HA production, and progeny release are
successful.

(G) Experimental (data) and calculated fraction of cells (cal.) with successful VRNP replication (top), VRNP nuclear export (middle), or HA production (bottom) for
infections by 2 or 3 virions. Expected success rates were calculated assuming that each virion provided an independent chance of success (see STAR Methods).
(H and I) Graphs summarizing the kinetics and success rates of each infection cycle phase for one-virion (H) or two-virion (l) infections. Median times are indicated
by dashed vertical lines, which are aligned to the end of the previous infection phase. The heterogeneity in infection phase duration is displayed as boxplots at the
top of the graph. The expected success rate for progeny production for two-virion infections (I) could not be directly measured, as virion production can only be
assigned to individual cells when using a very low MOI, which only results in infections with one virion. Therefore, the median time to virion production in two-virion
infections was based on one-virion infections. The success rate of virion production was calculated assuming that each virion provided an independent chance of
success.

(legend continued on next page)
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number of virions that cause infections that produce infectious
progeny (Figure 4A), we found a striking ~100-fold higher viral titer
for vRNP entry, suggesting that the vast majority of infecting vi-
rions do not go on to produce viral progeny. The surprisingly
low success rate of IAV infection progression was observed irre-
spective of the method of virus production (Figure 4A), confirming
the validity of these results. To determine which steps in the infec-
tion cycle represent bottlenecks toward successful progeny for-
mation, we first determined the efficiency of vRNP nuclear import,
which revealed that vRNPs rarely, if ever, fail to translocate from
the cytoplasm to the nucleus (Figures 4B and 4C). Thus, vVRNP nu-
clear import does not represent a major bottleneck for successful
infection. In contrast, using long-term VISUN and Nb" imaging,
we found that every step after vVRNP nuclear import that we as-
sessed (genome replication, viral protein synthesis, vVRNP nuclear
export, and virion production) failed in a considerable fraction of
infected cells, allowing us to distinguish six distinct classes of
infection progression pathways (Figures 4D and 4E; Videos S4
and S5). Thus, the infection cycle of IAV contains numerous bot-
tlenecks, explaining the low overall success rate of IAV infections.
To assess viral infection dynamics and heterogeneity in a physio-
logically relevant context, we next repeated VISUN assays in
airway epithelial organoids, primary untransformed cell cultures
that accurately recapitulate cell types found in the human airway
(Figure S5A).%% We found very similar dynamics and success rates
of replication (Figures S5B and S5C), as well as HA synthesis
(Figures S5D and S5E), in airway organoids as compared with
A549 cells, confirming the validity of our findings in A549 cells
(Figure 4F).

VISUN provides a unique opportunity to group infected cells
based on the number of infecting virions, allowing us to quantify
the impact of virion number per infection on the success rate of
each step in the infection cycle. This analysis revealed that multi-
virion infections have higher success rates than one-virion infec-
tions for every infection phase that was assessed (Figures 4F and
4G), with replication initiation being especially sensitive to virion
number, suggesting that infections by multiple virions may
enhance replication of each other (Figure 4G [top]). When sum-
ming the success rates for all individual steps, we calculated
an overall success rate of one-virion infections of just 4%
(Figure 4H), which corresponds well to the comparison in virus
titer between VISUN and TCIDs, measurements (Figure 4A).
The overall success rate of two-virion infections was increased
by ~5-fold (Figure 41), highlighting the large impact of the number
of virions per infected cell on infection success and underscoring
the importance of assessing the MOI for each infected cell when
examining infection outcomes. Furthermore, a major advantage
of VISUN over existing live-cell techniques is that it can be
applied to unmodified viruses. We leveraged this unique advan-
tage to map the infection cycle of patient-derived virions, which
revealed similar heterogeneity in infection cycle pathways, with
distinct success rates for individual steps in the infection cycle
(Figures 4J and 4K).
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Heterogeneous viral gene expression signatures
underlie diverse infection pathways

The fact that the success rate of each step in viral infection is
improved by co-infection with multiple virions suggests that
abortive infections are caused, at least in part, by virion-intrinsic
rather than cell-intrinsic heterogeneity. Virion-intrinsic heteroge-
neity can include heterogeneity in vVRNP content or variable ac-
tivity in transcription or replication. Whereas incoming vRNPs
and VRNP replication are directly observable using VISUN,
VRNP transcription is not. Therefore, to investigate whether tran-
scriptional heterogeneity impacts infection progression, we
combined VISUN and Nb™ imaging with multiplexed smFISH
to quantify the levels of mRNA species from all eight IAV seg-
ments, as well as three VRNA species (PB2, PB1, and NP) in in-
dividual cells (Figures 5A and S6; Video S6). smFISH allows
detection of individual viral mRNA molecules and is therefore
sensitive enough to detect primary viral transcription (i.e., tran-
scription of the incoming vRNAs). Multiplexed smFISH revealed
substantial differences in viral gene expression among infected
cells, with between 0 and 8 different viral genome segments be-
ing transcribed and with expression levels differing by several or-
ders of magnitude (Figures 5B and 5C). Unsupervised clustering
of the gene expression data yielded 10 distinct clusters of cells
(Figures 5C, 5D, and S7A). Cluster 1 corresponds to cells lacking
detectable expression of any viral genome segment, which in-
cludes both uninfected cells and cells infected with IAV that
did not produce any viral mRNAs (Figures 5C and S7B). Clusters
2-8 correspond to cells in which low viral mRNA levels (<100
mRNAs) were detected, with expression from only one or a few
genome segments (Figure 5C), demonstrating that many in-
fected cells transcribe a random, incomplete set of viral genome
segments. The final two clusters, 9 and 10, consisted of cells
with high levels of viral mRNA (Figure S7C). Cluster 9 cells
have high levels of most but not all types of viral mRNAs,
whereas most cluster 10 cells transcribe all eight genome seg-
ments at high levels (Figure 5C). From this analysis, we conclude
that in the large majority of infected cells, most genome seg-
ments are transcriptionally silent.

To understand how heterogeneous viral gene expression im-
pacts infection progression, we computed single-cell viral pro-
gression scores based on viral mRNA levels, as well as vVRNA
levels and localization, and assessed the impact of distinct viral
gene expression signatures on infection progression (Figures 5E,
5F, and S7D-S7G). This approach allowed us to examine infec-
tions in which seven of the eight segments were transcribed,
which effectively represent naturally occurring “single-gene
knockouts,” uniquely allowing assessment of the function of in-
dividual genome segments in infection progression. Studying
such single-gene knockouts is difficult using genetic approaches
because most IAV genes are essential for virion production.
Analysis of single-gene knockouts revealed that lack of expres-
sion of the segments that are not essential for replication (HA,
NA, M, and NS) had only a minor effect on the viral progression

(J) Quantification of the time between inoculation and initiation of replication (top) or between initiation of replication and nuclear export of vVRNPs (bottom) in cells

infected with patient-derived IAV (left) or PR8 (right).

(K) Success rates of VRNP replication (in infected cells) and vVRNP nuclear export (in cells with replicating virus) in cells inoculated with patient-derived IAV.
(C, F, G, and K) Dots represent average values from independent experiments. Error bars represent SDs.

See also Videos S4 and S5.
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Figure 5. Abortive infections are caused by gene expression defects

(A) Schematic of the experimental procedure combining VISUN and Nb" imaging with fixed-cell multiplexed smFISH.

(B) Example images of multiplexed smFISH for three cells with varying levels of different viral mRNAs. Scale bar, 10 pm.

(C) Heatmap of mRNA levels for all eight viral genome segments. Each horizontal line represents one cell. Cells are grouped based on phenograph clusters (see D
and Figures S7A-S7C). 40 randomly selected cells are shown for each cluster.

(D) Uniform manifold approximation and projection (UMAP) computed on mRNA levels for all eight viral genome segments, colored according to phenograph
cluster. Cluster numbers, also used in (C) and (l), are shown.

(E) The viral progression score was calculated for each cell (Figures S7D-S7F) and projected onto the UMAP representation.

(F) Viral progression score of cells transcribing seven out of eight VRNPs, grouped based on which genome segment is transcriptionally silent. The inactive
segment is indicated on the y axis. Number of cells in each group is shown on the right. Cells for which all eight genome segments are expressed are shown at the
bottom.

(G) Example images of live-cell VISUN (top) and smFISH of the same cell (bottom) for a cell that shows IAV replication but lacks expression of the PA segment.
Scale bars, 10 pm.

(H) Time between inoculation and first VRNP replication for cells that either express all four viral proteins needed for replication (PB1, PB2, PA, and NP) and NS, or
lack expression of one or several of these proteins. Statistical significance was determined through a one-way ANOVA with Dunnett post-hoc test.

(I) Fraction of cells showing replication as assessed by VISUN (top), as well as total vVRNA count (bottom) for cells in each phenograph cluster. Note that boxplots
are not visible for clusters 1-9 (only outliers are visible), as the majority of cells in these clusters have very low vVRNA count.

(legend continued on next page)
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score (Figure 5F). Infections lacking expression of NP, PB2, PB1,
or PA typically progress less far in infection (Figure 5F). The total
number of infected cells in which all segments were transcribed
except either NP, PB2 or PB1 was low, likely because infections
lacking one of these segments arrest during very early infection,
even before the other segments are transcribed sufficiently for
detection (~>10 transcripts). Remarkably, some PB1, PB2,
and especially PA single-gene knockout cells were identified
with a relatively high viral progression score (Figure 5F). Consis-
tently, some cells that were devoid of one of the polymerase sub-
unit MRNAs showed unambiguous VRNP replication by VISUN
(Figures 5G and 5H), indicating that limited genome replication
can occur in the absence of expression of subunits of the repli-
cation machinery. Infected cells lacking polymerase subunit
mRNAs were highly enriched in cluster 9 (Figures 51 and S8A-
S8C). These cells often showed limited levels of replication,
revealing that lack of de novo synthesis of the viral polymerase
complex results in a block of viral progression after initial replica-
tion (Figure 51, bottom). These results are surprising, as they
differ from previous work, which suggested that even initiation
of VRNP replication requires a second copy of the polymerase
complex, likely created through de novo viral protein synthe-
sis.?%%° Limited replication as observed by VISUN does not
exclusively reflect VRNA-to-cRNA replication, because vRNA
amplification was also observed in cells lacking replication sub-
units (Figure S8D). Earlier studies have shown that NS2 pro-
motes replication over transcription.>' Although we had only
a few NS knockout infections in our data, we nonetheless found
that cells lacking NS mRNAs had increased mRNA/VRNA ratios
(Figure S8E). Remarkably, lack of NS expression also resulted in
a substantial delay in initiating replication, to a greater extent
than lack of polymerase subunits (Figure 5H). Thus, our live-
cell analyses expand on previous reports®' by revealing that
de novo synthesis of NS proteins may constitute a timer that con-
trols the switch from transcription to the first round of replication.

We similarly assessed which viral genes play a role in vRNP
nuclear export. We examined infected cells with a viral progres-
sion score of >0.15, the score that corresponds to the range at
which vRNP nuclear export typically occurs (Figure S8F). Since
insufficient numbers of infected cells (<5) lacking PB2, PB1,
and NP reached this stage of viral infection progression—likely
because of reduced replication efficiency—these viral genes
were excluded from this analysis. A lack of M or NS expression
impaired VRNP export, consistent with previous reports,®>°
whereas a lack of HA, NA, or PA did not significantly affect
VRNP export (Figure 5J). Our finding that HA is not important
for VRNP nuclear export contradicts earlier reports showing
that HA buildup at the plasma membrane is needed to trigger
VvRNP nuclear export.*® To confirm our findings, we examined
the timing of VRNP nuclear export in infected cells with or without
HA expression and found that vVRNP nuclear export occurred at
similar times (Figure 5K). To exclude the possibility that HA at
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intracellular membranes (which is not detected by Nb™) trig-
gered VRNP nuclear export, we examined HA mRNA expression
and Nb"™* staining in the same cells. This analysis revealed that
almost all cells lacking cell-surface HA also lacked HA mRNA
and therefore did not contain intracellular HA protein
(Figure S8G), confirming that HA protein accumulation does
not impact VRNP nuclear export. In summary, these results
show that most infected cells show viral gene expression defects
and that distinct gene expression signatures underlie different
types of infection progression failures.

Mechanisms of gene expression heterogeneity

We next investigated the mechanisms underlying heterogeneous
gene expression signatures. Absence of mMRNA expression could
be due to missing genome segments, which, in turn, could be
caused either by failures in vVRNP packaging, '**"-*® or, potentially,
by degradation of VRNPs during infection.®® Analysis of cells
without viral replication revealed that vVRNP number remained
constant over time, suggesting that vVRNP degradation is rare
and therefore unlikely to contribute to the observed absence of
VRNPs (Figure 6A). To assess the extent to which genome
segment packaging defects could explain the observed lack of
viral mMRNA expression in infected cells, we quantified the fre-
quency of missing genome segments in individual virions by
smFISH. Genome segments were absent from virions at fre-
quencies ranging from 8% to 27% (Figures 6B and 6C), consistent
with previous reports.'®*"*® Based on our smFISH measure-
ments, we calculated that virions contain, on average, ~7 genome
segments, a value similar to the average number of vVRNPs per cell
as determined by VISUN (6.7 vRNPs), confirming that VISUN spot
count accurately reflects genome segment number per virion. To
assess whether missing segments are randomly distributed
among virions, we compared the expected number of vVRNPs
per virion, assuming that missing genome segments were
randomly distributed across virions (i.e., VRNP number per virion
follows a Poisson distribution), with the actual number of vVRNPs
per virion as determined by VISUN. We observed a broader distri-
bution in vVRNP number in the experimental data and an increased
frequency of correctly packaged virions (8 vVRNPs) (Figure 6D), ex-
plaining the origin of the highly diverse vVRNP number per infected
cell, which we observed in both PR8 and patient-derived virions
(Figure S9A). These results suggest that vVRNP packaging occurs
in a cooperative manner. Cooperative packing of vRNP bundles
might be explained by VRNP-vRNP interactions within a vRNP
bundle that provide increasing bundle stability with increasing
numbers of vRNPs in the bundle.*®*' Besides packaging defects
as a cause of missing genome segments, long-term time-lapse
imaging of infection revealed that genome segments can also
be lost during host cell division (Figure 6E). Quantification of
VRNP numbers showed that both daughter cells after cell division
receive approximately half of the vRNPs originally present in the
mother cell (Figure 6F), indicating that vVRNPs are segregated

(J) Ratio between cytoplasmic and nuclear staining intensity of (—)RNAs for single-gene knockout infections. Cells were only included if they have an infection
progression score indicating that the infection is sufficiently progressed that VRNP nuclear export could occur (>0.15, see Figure S8F). Statistical significance was

determined through a one-way ANOVA with Dunnett post-hoc test.

(K) Violin plots showing the time from VRNP replication initiation to VRNP nuclear export, as determined with VISUN, for cells either expressing or lacking HA, as

determined by Nb™ live-cell imaging.
(F, H, and J) Dots represent single cells.
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Figure 6. Mechanisms underlying viral gene expression defects and host cell response

(A) Boxplots showing the number of vRNPs per cell, as assessed by VISUN, for cells infected by a single virion in which no vRNP replication is observed. vRNP
number was assessed for the same cells at both 1 and 16 hpi. Lines between boxplots link individual cells in both analyses. Slight variations in spot number at
early and late time points are likely due to technical noise in measurements. Statistical significance was determined using a two-sided t test.

(B and C) IAV virions were spotted on glass and vVRNAs were detected by smFISH. Representative images (B) and quantification (C) are shown. Note that genome
segment M is missing from this analysis due to low signal of smFISH probes. Scale bar, 5 pm. Dots in (C) represent single fields of view.

(D) The number of vRNPs per virion determined experimentally by VISUN is shown (dark blue bars). Predicted distribution based on the frequency that each
segment was absent from virions and assuming that missing segments are randomly distributed over virions is also shown (light blue bars).

(E) Example images of a VISUN movie for a cell undergoing cell division. DNA is stained with Hoechst. Scale bar, 10 pm.

(F) Quantification of the number of vVRNPs per cell before and after cell division.

(G) Comparison of MRNA expression levels between two sister cells after cell division. Each dot represents the expression levels of a single genome segment.
(H) Example images of VISUN at 1 hpi and smFISH at 19 hpi for the same cells. Plots on the right show the number of vRNPs at 1 hpi in the center and mRNA
expression levels at 19 hpi for each segment in the corresponding cell, shown as circular lollipop chart. Scale bar, 10 pm.

(legend continued on next page)
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randomly during mitosis, creating two host cells with “viral aneu-
ploidy.” Viral aneuploidy was especially prevalent when replica-
tion had not yet occurred at the moment of host cell division
(Figure 6G). Taken together, these results indicate that missing
genome segments, caused either by packaging defects or
VRNP segregation during mitosis, contribute to gene expression
failure.

As described above, infected cells often lack genome seg-
ments, containing an average of ~7 out of eight genome seg-
ments. However, many infected cells express fewer than 2
genome segments, suggesting that defects other than missing
genome segments contribute to the lack of viral gene expression
(Figure 5C). To uncover the origin of the discrepancy between
VRNP number and the number of expressed mRNAs, we
compared the number of incoming vVRNPs with the number of
transcribed mRNAs in the same cells, for cells with or without
replication. This analysis showed that many genome segments
were transcriptionally silent, especially in cells without vRNP
replication (Figures 6H, 61, and S9B). Together, our results
show that defective viral gene expression underlies most in-
stances of abortive infection, and that the resulting diversity in
gene expression signatures underlie heterogeneous infection
cycle pathways. Furthermore, we find that defective viral gene
expression is predominantly caused by transcriptional defects
and, to a lesser extent, by missing VRNPs, which is caused either
from packaging defects or unequal segregation of vRNPs during
host cell division. We finally asked whether defects in viral gene
expression affect the host cell antiviral response. Typically, only
a small fraction of host cells induces expression of antiviral
genes (e.g., interferons [IFNs]) in response to IAV infec-
tion.”"*>™** Previous work identified the viral protein NS1 as
the main antagonist of the antiviral response,’"***** but how
expression levels of NS1, as well as those of other viral genes,
relate to antiviral response activation during infection of wild-
type IAV has not been resolved. We found that IFN-A, an antiviral
gene that is upregulated in response to viral infection,*>*®
was exclusively expressed in cells with high viral mRNA
expression (>100 total viral mMRNAs) (Figures S10A and S10B),
consistent with a recent report showing that viral load correlates
positively with antiviral gene expression.** Focusing on
infected cells with at least 100 viral MRNAs, we found that only
7% of these infected cells had activated IFN-A transcription
(Figure S10B), demonstrating highly efficient suppression of
antiviral gene expression by wild-type IAV. Almost all IFN-
A-expressing host cells showed low or undetectable NS segment
expression (Figure S10C), demonstrating that NS expression
failure was a prerequisite for host innate immune activation dur-
ing natural infection. A similar effect was not apparent for PB2
mRNA expression, despite the fact that PB2 has also been impli-
cated as a potential immune antagonist (Figure S10C).*"~*°
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Lack of NS expression alone, however, was insufficient to
induce IFN-A expression, even in cells with >100 mRNAs ex-
pressed (Figure S10C, lower left quadrant). VISUN imaging
showed that a lack of IFN-)A expression in NS-negative cells typi-
cally coincided with lower rates of viral genome replication
(Figure S10D). These data suggest that extensive replication is
another prerequisite for activating antiviral responses. Finally,
we found in our live-cell imaging data that cells undergoing
mitosis within several hours of infection often showed one
daughter cell with high IFN-A expression (Figures 6J and 6K),
which coincided with an absence of NS expression, indicating
that the NS segment was lost in that daughter cell due to viral
aneuploidy induced by host cell division. Thus, viral aneuploidy
caused by mitosis could potentially affect the spread of IAV in-
fections by inducing tissue-wide antiviral responses. Together,
these data reveal how replication dynamics and viral gene
expression defects shape antiviral response activation and iden-
tify viral aneuploidy induced by host cell division as an additional
trigger for antiviral response activation.

DISCUSSION

In this study, we developed two complementary techniques,
VISUN and Nb™ imaging, that allow real-time visualization of
the 1AV infection cycle, from vRNP release into the cytoplasm
through nuclear entry, replication, vVRNP nuclear export, and
virion production. Using these techniques, we generated a
comprehensive single-cell kinetic map of the IAV infection cycle.
We find that the vast majority of infections by single viral particles
(~96%) fail to produce viral progeny due to failures at multiple
distinct steps in the infection cycle. By combining live-cell anal-
ysis with multiplexed smFISH, we show that defective viral gene
expression underlies aborted infections. We identify three major
pathways that cause heterogeneous viral gene expression:
VRNP packaging defects, defective transcriptional activation of
VRNPs, and viral aneuploidy caused by host cell division. Loss
of expression of individual viral genes, which occurs naturally
in a heterogeneous population of infected cells, provided a
unique opportunity to study viral gene function, including essen-
tial viral genes that cannot be knocked out genetically. Using
these single-gene knockouts, we identify specific gene expres-
sion signatures associated with failures at different infection
stages, shedding light on viral protein function. Our comprehen-
sive infection map, which includes timing and success rates of
vital steps in the viral life cycle, will provide a benchmark for
studies detailing other IAV variants with varying pathogenicity
and host range, as well as viral mutants and clinical isolates.
Our data will help us understand how genetic evolution of viruses
affects infection phenotypes and how host range and cell
tropism, critical parameters for understanding viral evolution,

(I) Boxplots showing the number of vVRNPs per cell, as assessed by VISUN, for cells infected by a single virion at 1 hpi (incoming), either for cells that do or do not
show replication. The number vRNPs that show mRNA expression (transcribed) is shown for the same cells. Lines between boxplots link individual cells in both

analyses. Statistical significance was determined using a two-sided t test.

(J) Example images of a time-lapse movie of an infected cell that underwent cell division after viral entry. The two sister cells after fixation and smFISH staining for

IFN-A and NS(+) are shown in the right. Scale bar, 10 um.

(K) IFN-A expression in relation to the timing of cell division and VRNP replication, as assessed by live-cell imaging. Only infections initiated by a viral particle that
contained the NS segment are plotted. Viral particles were called NS-positive if one or both of the sister cells stained positive for the NS mRNA by smFISH at

19 hpi. Dots represent single cells.
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spread, and pathogenicity, are affected by viral genotypes.
Moreover, our approach can help understand how antiviral ther-
apeutics and live attenuated vaccines function and may even be
applicable in a diagnostic setting to detect IAV within minutes af-
ter sample collection.

Advantages of VISUN over existing techniques

Virus infection is a highly dynamic and heterogeneous process,
and single-cell, real-time measurements are critical for gaining a
complete understanding of the viral infection cycle. In this study,
we introduce VISUN and Nb™ imaging, which offer a unique com-
bination of advantages over existing technologies used to study
the IAV infection cycle, including the previously reported VIRIM
technology.'® First, the live-cell capability of VISUN combined
with NbH imaging provides an opportunity to map infection cycle
kinetics and identify kinetic bottlenecks in infection. Live-cell ap-
proaches uniquely allow visualization of both early and late infec-
tion in the same cells, which is important for understanding how
early infection heterogeneity impacts infection progression and
outcome. Second, in contrast to VIRIM, VISUN does not require
translation of the viral genome for visualization, which has several
major advantages, including the ability to study the large and clin-
ically important group of negative-strand RNA viruses, the ability
to study viral entry and replication, and the ability to identify inac-
tive VRNPs, which is critical for understanding infection bottle-
necks. Third, the single-vRNP detection sensitivity of VISUN al-
lows study of early infection, before sufficient viral protein and
RNA are present in cells for detection with traditional assays.
The highly sensitive detection afforded by VISUN can be lever-
aged to study the important process of viral tropism and host
range for AV isolates, by unambiguously distinguishing defects
in viral entry from subsequent defects in viral replication. It is
important to note that although VISUN provides single-vRNP
sensitivity during early infection, single vVRNPs cannot be resolved
during late-stage infection, when vRNP numbers are very high.
Nonetheless, several key steps in late-stage infection can be
observed using VISUN, including bulk vRNP nuclear export and
formation of sites of high VISUN signal near the cell periphery,
which may reflect sites of particle assembly. A final advantage
of VISUN is that it does not require genetic modification of the vi-
rus, making VISUN directly applicable to thousands of clinically
relevant avian, swine, and human IAV isolates for which reverse
genetics systems are not available. When combining VISUN
with viral genome sequencing, it will be possible to relate viral ge-
notype to infection phenotype to elucidate how genetic changes
that occur during viral evolution impact viral infection biology.

Heterogeneity in viral infection success

Previous reports have found that the particle-to-plaque-forming-
units ratio for many viruses is >>1,°°°" and that many IAV-infected
cells fail to produce infectious progeny virions.'® It remained
incompletely understood, however, which infection phases
constitute bottlenecks and by what mechanisms. Our quantitative
data show that failure occurs at many distinct steps of the infec-
tion cycle. Several aspects of the IAV life cycle may make it espe-
cially vulnerable to infection failure. First, the segmented nature of
the IAV genome makes the virus vulnerable to genome packaging
defects. Indeed, previous studies demonstrated that virions can
lack genome segments,®®°? which likely underlie viral gene
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expression deficiencies observed in infected cells.'>>® Inefficient
genome packaging and the resulting lack of gene expression and
abortive infection likely cause co-infections to improve infection
success because of genome segment complementation, as
observed previously®® and in our study. In addition to genome
packaging defects, we find that vVRNPs can also be lost post-entry
during host cell division, in a process we term viral aneuploidy.
Whether viral aneuploidy plays a significant role in the context of
natural infections remains to be determined, because airway
epithelial cells are typically thought to be quiescent.***° Viral
aneuploidy may occur in other cell types, such as basal cells
that undergo cell division and can become infected.'* Further-
more, increased cell proliferation in the airway has been observed
upon tissue damage caused by viral infection,*® suggesting that
viral aneuploidy through host cell division may occur in vivo. A sec-
ond feature of negative-sense RNA viruses like IAV that makes
them vulnerable to infection failure is the requirement for transcrip-
tion to occur before viral protein production can ensue. We find
that initial activation of transcription creates a bottleneck in infec-
tion, which halts most infections. Why transcriptional activation
fails in many infected cells is an interesting open question. These
virions may contain faulty viral polymerases, incorrectly assem-
bled vVRNP complexes, or vRNAs that are defective or damaged.
Infections that successfully initiate transcription of all available
genome segments generally progress further in infection, but
many still stall at later stages, frequently due to the absence of
one or more viral genome segments. Thus, the complexity of
the IAV viral genome and its infection cycle creates numerous bot-
tlenecks toward successful infection. It will be informative to
compare PR8 infection progression with other viral strains and
isolates to identify how viral gene mutations affect specific steps
in the infection cycle. Our detailed characterization of the infection
cycle of the PR8 strain in A549 cells provides a benchmark against
which future studies using other IAV variants or cell types can be
compared.

Uncovering viral protein function through naturally
occurring single-gene knockout viruses

The ability to assess VRNP number and identity in single cells al-
lowed identification of infected cells that lacked a single viral
genome segment and simultaneously provided detailed informa-
tion about infection progression and host cell responses. Using
this approach, viral gene function could be studied, including
essential viral genes that cannot be knocked out genetically.
Our results confirm a number of previous observations, including
that the NS and M segments are essential for vVRNP nuclear
export (Figure 5J)*7%° and that NS plays a crucial role in innate
immune evasion (Figures 6J and 6K).*>**57:°8 However, our ex-
periments also provide new insights, some of which contrast
earlier studies; for example, our analysis shows that HA expres-
sion is not essential for VRNP nuclear export, despite earlier work
suggesting that HA accumulation functions as the trigger that ini-
tiates VRNP nuclear export.*® In addition, we show that replica-
tion initiation can occur in the absence of viral MRNAs encoding
a polymerase subunit, contrary to the general belief that vVRNP
replication requires de novo synthesis of polymerase com-
plexes.?®*° Small amounts of free polymerase proteins could
be brought along in the virion to support initial replication. Due
to its simplicity of use and easy compatibility with different
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culture systems (e.g., different cell types, culture conditions, or
mutant virus strains), VISUN has potential for studying many as-
pects of IAV infection biology. The broad applicability of the
VISUN approach is highlighted by a recent application of a
similar technique to respiratory syncytial virus (RSV), another
negative-strand RNA virus.®® We therefore envision application
of our approach to study many different aspects of infection
biology in IAV and other negative-strand RNA viruses.
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REAGENT or RESOURCE

SOURCE

IDENTIFIER

Antibodies

Mouse monoclonal anti-Influenza A virus
NP antibody

Rabbit monoclonal sodium potassium
ATPase antibody

Human monoclonal anti-Influenza HA FI6
antibody

BioXcell

Invitrogen

Xander de Haan lab

Cat# BE0159; RRID: AB_10949071

Ref# MA5-32184; RRID: AB_2809472

N/A

Alexa Fluor 647 donkey anti-mouse Invitrogen Ref# A31571; RRID: AB_162542
antibody

Alexa Fluor 488 goat anti-rabbit antibody Invitrogen Ref# A11034; RRID: AB_2576217
Bacterial and virus strains

A/Puerto Rico/8/1934 This study N/A
A/Neth/213/2003 Fouchier lab N/A
A/BHG/Neth/48/2018 Fouchier lab N/A
A/Swine/Neth/3/2008 Fouchier lab N/A
A/Swine/Gent/172/2008 Fouchier lab N/A
A/Mal/Neth/1/2014 Fouchier lab N/A
A/Mal/Neth/1/2005 Fouchier lab N/A
A/Mal/Neth/143/2018 Fouchier lab N/A
A/Mal/Neth/41/2015 Fouchier lab N/A
A/Mal/Neth/33/2011 Fouchier lab N/A
A/Mal/Neth/7/2018 Fouchier lab N/A
Patient-derieved 1AV (H1N1) Fouchier lab N/A

Chemicals, peptides, and recombinant proteins

DMEM GIBCO Cat# 31966021
Leibovitz’s L15 medium GIBCO Cat# 21083027
Opti-MEM GIBCO Cat# 11058021
TryplE GIBCO Cat# 12605010
Fetal Bovine Serum (FBS) Sigma-Aldrich Cat# F7524
Penicillin-Streptomycin GIBCO Cat# 15140122
Polyethylenimine Polysciences Inc Cat# 23966
Polybrene Sigma-Aldrich Cat# TR-1003-G
Glucose oxidase Sigma-Aldrich Cat# G2133-10KU
Catalase Sigma-Aldrich Cat# C3515-10MG
Atto488-NHS Atto-Tec Cat# AD 488-31
Atto565-NHS merck Cat# 72464-1MG-F
Atto633-NHS Atto-Tec Cat# AD 633-31

Alexa Fluor 647 NHS

Dylight-488

Linear Acrylamide

Triton-X-100

Amino-11-ddUTP

Ribonucleoside Vanadyl Complex
tRNA

Dextran sulfate, sodium salt

BSA

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
merck

Lumiprobe

NEB

merck

merck

Thermo Fisher Scientific

Cat# A20006

Cat# 11849370
Cat# AM9520

Cat# 9036-19-5
Cat# A5040

Cat# S1402S

Cat# R1753-500UN
Cat# D8906-50G
Cat# 240400100

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Paraformaldehyde VWR Cat# 43368.9M
Formamide Thermo Fisher Scientific Cat# AM9342
Random Hexamer Thermo Fisher Scientific Cat# SO142
DAPI Thermo Fisher Scientific Cat# 62248
Hoechst 33342 Thermo Fisher Scientific Cat# 62249

Cdk1 Inhibitor IV, RO-3306
Bafilomycin A1

Cultrex Basement Membrane Extract,
PathClear

Human Heregulin beta-1 Recombinant
Protein

Invasin

merck
merck
R&D systems

PeproTech

Wijnakker et al.®°

Cat# 217699-5MG
Cat# SML1661-.1ML
Cat# 3432-010-01

Cat# 100-03

N/A

Critical commercial assays

Tetro reverse transcriptase

Terminal deoxynucleotidyl Transferase
Amicon Ultra Centrifugal Filter,

10 kDa MWCO

UTM Universal Transport Medium

NucleoSpin RNA, Mini kit for RNA
purification

Bioline
ThermoFisher
merck

Copan
Macherey-Nagel

Cat# BIO-65050
Cat# EP0162
Cat# UFC5010

N/A
Cat# 740955.50

iQ SYBR Green SuperMix Bio-Rad Cat# 1708885
Deposited data
Code used in this study Zenodo Zenodo: http://www.doi.org/10.5281/

Raw data of imaging experiments

Mendeley data

zenodo.17606905

Mendeley Data: http://www.doi.org/10.
17632/6gb6rpm69w. 1

Experimental models: Cell lines

A549 cells ATCC Cat# CCL-185
MDCKII Fouchier lab N/A

HEK293T cells Fouchier lab N/A
Oligonucleotides

smFISH probe sets Table S1, ordered from IDT N/A

qPCR primer sequences Table S1, ordered from IDT N/A
Recombinant DNA

Plasmids used in this study Tanenbaum lab N/A

Software and algorithms

Imaged
NIS-Elements Imaging software

Graphpad Prism 9

R4.2.2

Rstudio 2022.12.0+353
ggplot2 3.4.4

dplyr 1.1.4

MIST

Rphenograph 0.99.1

umap 0.2.10.0

destiny 3.12.0
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NIH
Nikon

GraphPad Software Inc

R Core Team®'
R Core Team®'
Wickham®?

Wickham et al.®®

Chalfoun et al.®*

Levine et al.®®

Mclnnes et al.®

Angerer et al.®”

https://imagej.nih.gov/ij/
https://www.microscope.healthcare.nikon.
com/en_EU/products/software

https://www.graphpad.com:443/scientific-
software/prism/
https://www.R-project.org/
http://www.rstudio.com/
https://ggplot2.tidyverse.org
https://dplyr.tidyverse.org
https://github.com/usnistgov/MIST
https://github.com/JinmiaoChenLab/
Rphenograph
https://cran.r-project.org/web/packages/
umap/vignettes/umap.html
https://github.com/theislab/destiny
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
slingshot 2.6.0 Street et al.®® https://bioconductor.org/packages/devel/

Python 3.9.15
Numpy 1.23.5
Pandas 1.5.2
Cellpose 2.2.3
Trackmate 7.9.2
Scikit-image 0.22.0

Deepblink 0.1.0

Python Software Foundation
NumPy team

NumFOCUS, Inc.

Pachitariu and Stringer®®
Ershov et al.”’

van der Walt et al.”"

Eichenberger et al.””

bioc/vignettes/slingshot/inst/doc/
vignette.html

https://www.python.org/
https://numpy.org/
https://pandas.pydata.org/
https://www.cellpose.org/
https://imagej.net/plugins/trackmate/
https://github.com/scikit-image/
scikit-image
https://github.com/BBQuercus/deepBlink

BaSiCPy 1.0.1 Peng et al.”® https://basicpy.readthedocs.io/en/latest/
PyStackReg 0.2.7 Thévenaz et al.” https://github.com/glichtner/pystackreg
Napari 0.4.17 Sofroniew et al.”® https://napari.org/

Big-FISH 0.6.2 Imbert et al.”® https://github.com/fish-quant/big-fish
Other

96-well glass bottom imaging
plates-(Matriplates)

384-well glass bottom imaging

Brooks Life Science Systems

Brooks Life Science Systems

Cat# MGB096-1-2-LG-L

Cat# MGB101-1-2-LG-L

plates-(Matriplates)
p-Plate 96 Well Square Glass Bottom Ibidi Cat# 89627

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Cell lines

A549 (ATCC, Cat# CCL-185, isolated from the lung cancer of a 58-year-old white male), MDCKII and HEK293T cell lines were grown
in DMEM (4.5 g/L glucose, GIBCO, Cat# 31966021) supplemented with 10% fetal bovine serum (FBS, Sigma-Aldrich, Cat# F7524)
and 1% penicillin/streptomycin (GIBCO, Cat# 15140122) and regularly passaged when reaching 80-90% confluency using TryplE
(GIBCO, Cat# 12605010). All cells were cultured with 5% CO2 at 37°C. Cell lines were confirmed to be mycoplasma negative.

IAV production

Generation of A/Puerto Rico/8/1934 (PR8) by a reverse genetic system was conducted as reported previously.”” Briefly, eight plas-
mids encoding the individual genome segments under control of bidirectional promoters were transiently transfected into HEK293T
cells using the calcium phosphate transfection method. Medium was replaced after 16 h with fresh DMEM supplemented with 2%
FBS and TPCK-treated trypsin (1 pg/mL, Merck, Cat# 20233). 48 h after medium replacement, HEK293T supernatant containing virus
was harvested and added to MDCKII cells for 2 h. Cells were then washed and kept in OptiMEM (Thermo Fisher Scientific, Cat#
11058021) supplemented with trypsin. MDCKII supernatant was collected after 2 to 3 days, when cytopathic effects (CPE) were
observed, and stored at -80°C. Virus stocks were used for passaging on MDCKII (unless indicated otherwise) cells at low multiplicity
of infection for a maximum of two passages. To produce IAV stocks in chicken eggs, eleven-day old embryonated chicken eggs were
inoculated with PR8 influenza virus at low MOI. Allantoic fluid was harvested two days post-inoculation and centrifuged for ten mi-
nutes at 2,100 g to remove cellular debris.

Generation of PR8-HA-DIG followed the same protocol as described above with two notable differences. First, instead of a
reverse-genetics plasmid encoding the full-length HA, an HA-DIG encoding plasmid was used during virus production in
HEK2983T cells (sequence in Table S1). To allow for virus production, a second plasmid encoding full-length HA was co-expressed,
but full-length HA was expressed from a plasmid that did not generate negative-sense RNA, and as such the RNA encoding full-
length HA was not incorporated in the virion as a vVRNA. Second, MDCKII used for passaging of the HA-DIG virus stably express
the HA protein to allow for virion production.

Clinical IAV samples

Clinical IAV samples were derived from hospitalized patients that were admitted with respiratory complaints and that tested positive
for IAV. Throat or nasal swaps were collected in Universal Transport Medium (Copan) according to the according to manufacturer’s
protocol and stored at -80°C until further usage. The Institutional research Review Board Erasmus MC of Rotterdam, The
Netherlands, confirms that the rules laid down in the Medical Research Involving Human Subjects Act (also known by its Dutch
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abbreviation WMO), do not apply to this research. Anonymous left-overs of diagnostic specimens collected from individuals who did
not oppose to the reuse of their specimens can be used to develop or improve diagnostic methods.

Human airway epithelial cell culture and imaging

A human airway organoid (AO) line (9209N) from an established organoid biobank was used in this study, with ethical approval
granted by the NKI Institutional Review Board (IRB, M180RG/CFMPB582).”® AO maintenance protocols have been described
previously.?®

To generate AOs stably expressing NbNP-GFP, single-cell suspensions of passage 4 organoids were infected with a lentivirus car-
rying the construct encoding for Nb"P-GFP, according to the protocol outlined previously.?® After two months of expansion, organo-
ids were dissociated into single cells and cells expressing low levels of GFP were isolated via fluorescence-activated cell sorting
(FACS). The sorted cells were plated at high density (approximately 1300 cells/pL) in organoid culture conditions. To support cell sur-
vival, 50% conditioned media from healthy AO cultures and 5 nM heregulin beta-1 (PeproTech, Cat# 100-03) were added during the
first week post-sorting.”® The organoids were subsequently expanded using standard AO media.

For influenza A virus (IAV) infection studies, organoids were plated onto glass-bottom imaging plates. To promote 2D cell attach-
ment, the plates were pre-coated either with 5% Cultrex Basement Membrane Extract, PathClear (R&D systems, Cat# 3432-010-01)
in AADMEM/F12 (incubated at 37°C for 30 minutes) or with 5 ug/mL invasin in PBS (incubated overnight at 4°C).°° Following coating,
AO cells were seeded into 96-well plates (1 million cells/well) or 384-well plates (200,000 cells/well) in AO media. Media was refreshed
every 3-4 days, and cells were expanded in 2D cultures for approximately two weeks prior to IAV infection experiments.

METHOD DETAILS

Design of Nb expression constructs

The VISUN imaging technique makes use of a stably expressed NP-specific nanobody (Nb"F) that was generated previously under
the name Nb508."” The nucleotide sequence of the NbN" used in the current study is provided in the key resources table. For visu-
alization, NbNF was fused at its C-terminus to the bright green fluorescent protein AausFP1,%° and a nuclear localization sequence
(NLS) was added to the C-terminus of the NbNP-GFP fusion protein to ensure nuclear localization. The A549 cell line expressing NoN"
(A A549-NbNP-NLS cells) was used for all experiments unless stated otherwise. To quantify cytoplasmic vVRNPs we generated the cell
line A549-NbNPeyto, in which the NbNF was fused to the green fluorophore mStaygold without NLS.2" To label HA protein in a live cell
setting, we used a previously reported nanobody that targets HA (Nb™*, previously described as Nb-B6).5” NbH was tagged with a
C-terminal superfolderGFP or mCherry and an N-terminal CD5 secretion sequence.®® The fusion protein was expressed stably in
HEK293T cells (HEK293T-Nb"4). Key plasmids used in this study are available on AddGene.

Generation of stable cell lines
Stable cell lines were generated via lentiviral transduction as described previously.'® In brief, the pHR lentiviral plasmid encoding the
transgene of interest was co-transfected along with the packaging vectors psPax and pMD2.G using Polyethylenimine (Polysciences
Inc, Cat# 23966). Transfection medium was replaced with DMEM 1 day after transfection and lentivirus collected 2 days later. Lenti-
virus was added to recipient A549 cells (for NbNF expression) or HEK293T cells (for NbH” expression) together with Polybrene (10 mg/
mL, Santa Cruz Biotechnology Inc, Cat# TR-1003-G). Spin-infection was performed for 120 min at 2000 rpm at 25°C. HEK293T cells
expressing Nb™* were selected by fluorescence-activated cell sorting (FACS) for highly expressing cells. To generate monoclonal
A549-NbNP-NLS cells, single cells with low expression of NoNP-GFP were sorted by FACS into 96-well plates. Low expression of
Nb"" is crucial to allow observation of VISUN spots over the background fluorescence of NbNP-GFP. Single-cell clones were sub-
sequently screened for low, homogenous and nuclear NbNF expression by fluorescence microscopy. An additional screening round
was performed to ensure VISUN spots could be observed after infection with IAV.

To visualize IAV cytoplasmic entry (Figures 3B-3E), a high-expressing A549-NbNP-NLS clonal cell line was selected by FACS. Due
to the higher level of NbN® expression, sufficient NbN” was present in the cytoplasm to allow vRNP visualization in the cytoplasm.

Nb"A harvesting

HEK293T-Nb"* cells were grown to 95% confluency. During cell growth, N accumulated in the supernatant, which was harvested
at every passage (twice a week). Supernatant was purified with a 0.22 um syringe filter to remove cell debris and stored at 4°C until
further use.

bHA

1AV growth curve analyses

To assess the impact of No"* expression on virus fitness, IAV growth was compared between A549-WT cells and A549-NbNP-NLS
cells. Cells were grown to 70-90% confluency in 24-well plates. Cells were inoculated for 2 h with IAV (MOI 0.2), washed once with
PBS and further incubated in OptiMEM supplemented with trypsin (1 pg/mL). At the indicated time points, both cell supernatant and
cells were harvested and frozen at —20 °C. The concentration of infectious virions in the supernatant was quantified by a TCIDsq
assay. Intracellular levels of viral RNA were quantified by qPCR.
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TCIDso assay

MDCKII cells were seeded in 96-wells plates. The next day, cells were washed once in PBS, after which OptiMEM supplemented with
trypsin (1 pg/mL) was added. The virus stock solutions were diluted in a 10-fold serial dilution and added to the cells. After incubation
for 48 h at 37°C was read out and virus titers were calculated according to the Spearman Karber method.?

qPCR analysis of intracellular viral RNA

RNA was extracted from cells using the NucleoSpin RNA isolation kit (Machery-Nagel, Cat# 740955.50), according to manufacturer’s
protocol. cDNA was synthesized with the Tetro Reverse transcriptase (bioline, Cat# BIO-65050), according to manufacturer’s pro-
tocol, using random hexamers (Thermo Fisher, Cat# SO142). gPCR was performed using IQ supermix (biorad, Cat# 1708885), with
primers targeting the IAV M segment (Fw: CTTCTAACCGAGGTCGAAACG, Rv: AGGGCATTTTGGACAAAKCGTCTA).® As an inter-
nal control, primers targeting the host cellular GAPDH gene were used (Fw: CACCGTCAAGGCTGAGAACGGG, Rv: GGTGAAGA
CGCCAGTGGACTCC). AACt values were used to calculate the fold increase of viral RNA relative to the first time point (2 h).

Drug treatments of cells

For visualization of the nucleus during live-cell imaging experiments, DNA was stained with Hoechst 33342 (Thermo Fisher Scientific,
Cat# 62249) at a final concentration of 1 pg/mL. The vacuolar-type H*-ATPases inhibitor bafilomycin A1 (BafA1, Merck, Cat#
SML1661-.1ML) was used to block IAV cell entry. BafA1 was added at 50 nM final concentration after 1 h of inoculation, unless indi-
cated otherwise. For experiments that include Nb" imaging, Leibovitz’s L15 medium (GIBCO, Cat# 21083027), supplemented with
10% FBS and 1% penicillin/streptomycin, was used in a 2:1 ratio with Nb™*-containing supernatant (see the ‘NbHA harvesting’ sec-
tion) and added to the cells. To synchronize cells in the cell cycle, cells were arrested in G2 using the CDK1 inhibitor RO3306 (Merck,
Cat# 217699-5MG,) at a final concentration of 5 pM for 16 h (Figures 6E and 6F). To release cells from the cell cycle block, the inhibitor
was removed by washing cells 3 times with L15 medium for 5 min at 37°C. Cells were directly used for imaging and only cells which
underwent mitosis were included in the analysis.

Cell culture for imaging

Cells were grown in a 96-well or 384-well glass-bottom plate (u-Plate, Ibidi, Cat# 89627, or Matriplates, Brooks, Cat# MGB096-1-2-
LG-L, Cat# MGB101-1-2-LG-L) such that cells were 70-90% confluent at the start of imaging experiments. Live cells were keptin L15
medium supplemented with 10% FBS and 1% penicillin/streptomycin during imaging experiments. Live-cell imaging was performed
at 37°C at atmospheric CO; levels. Fixed-cell imaging was performed at r.t.

Live-cell imaging of viral entry

For experiments focusing on VRNP entry dynamics (Figures 3, S1H, and S4), entry into host cells was synchronized using an assay in
which the pH of the cell culture medium was used to control viral entry. Briefly, cells were cultured in DMEM and incubated at atmo-
spheric CO, levels for 5 min, during which time pH level of the medium increases to ~9.5. Then, virus inoculation was performed and
virions were allowed to attach to cells and undergo endocytosis for 30 min. Due to the high pH, virus fusion with the endosome is
prevented at this time. To stimulate synchronous viral entry, DMEM was then exchanged with L15 medium, which has a pH of
7.0-7.4 at atmospheric CO, levels. The sudden change in pH allows natural endosomal acidification, leading to rapid release of
the virus. Image acquisition of VISUN signal was either started at the time of the medium exchange (Figures 3 and S4A) orimmediately
after virus inoculation, but before the pH change (Figure S4B). For comparing nuclear import rates of vVRNPs between A549-WT and
A549-NbNP-NLS cells (Figure S1H), cells were fixed after the indicated incubation time periods in L15 (0-15 min).

smFISH

smFISH experiments were conducted as reported previously.'®#%%” For all target RNAs, complementary, short DNA oligonucleo-
tides (20 nucleotides long, at least 48 probes per RNA) were designed using Stellaris probe designer (https://www.biosearchtech.
com/support/tools/design-software/stellaris-probe-designer) and ordered from Integrated DNA Technologies (IDT). All smFISH
probes targeting a single RNA were pooled (‘smFISH probe sets’) to a concentration of 200 pM. Probe sets were subsequently
labelled using fluorescent Amino-11-ddUTP (Lumiprobe, Cat# A5040), which was conjugated to Dylight-488 (Thermo Scientific,
Cat# 11849370), Atto-565 or Atto-633 NHS ester (AttoTec, Cat# 72464-1MG-F and Cat# AD 633-31). Ligation of fluorescent
Amino-11-ddUTP to the probes was performed using Terminal deoxynucleotidyl Transferase (TdT) (Thermo Scientific, Cat#
EP0162) according to manufacturer’s protocol. After labeling, probe sets were washed 3 times in 70% ethanol and resuspended
in nuclease-free water.

For smFISH staining, cells were fixed in 4% paraformaldehyde (VWR, Cat# 43368.9M) in PBS for 15 min, and subsequently per-
meabilized in ethanol at 4°C for 30 min. Then, cells were washed twice in smFISH wash buffer (10% formamide (Thermo Scientific,
Cat# AM9342), 2xSSC in nuclease-free water). Probe sets were diluted to 10 nM final concentration in hybridization buffer (10% form-
amide, 2xSSC, 10% dextran sulphate (Merck, Cat# D8906-50G) tRNA (1 mg/mL, Merck, Cat# R1753-500UN), Ribonucleoside Va-
nadyl Complex (2 mM, NEB, Cat# S1402S), BSA (200 pg/mL, Thermo Scientific, Cat# 240400100) in nuclease-free water). Diluted
probe sets in hybridization buffer were added to cells, and hybridization was performed overnight at 37°C. Samples were then
washed twice with smFISH wash buffer supplemented with DAPI (10 pg/mL, Merck, Cat# 62248) for 1 h at 37°C, and stored in
PBS at 4°C until imaging. For iterative smFISH staining, smFISH probes were removed through incubation of samples with 80%
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formamide atr.t. for 6 h. After stripping away the smFISH probes, the staining protocol was repeated for a new set of smFISH probes.
The efficiency of probe removal was confirmed by imaging.

Virion smFISH

For experiments in which colocalization between vRNA and N was assessed (Figure S3), virus stocks were diluted in Nb™"-con-
taining supernatant (see ‘NbHA harvesting’). To attach virions to the glass for imaging, the solution containing the virus was added to
96-well glass-bottom plates and incubated for 3 h at 37°C. Subsequently, samples were fixed and stained as described in the
‘smFISH’ section. All viral genome segments were stained with probe sets labelled with Atto-633. Single z-planes were imaged
by confocal microscopy. Spots in each channel were identified, and colocalization assessed in automated fashion using the
CombDet FIJI plugin (https://github.com/UU-cellbiology/ComDet).

For experiments to determine the frequency that each genome segment was missing from virions (Figures 6B-6D), virions were
diluted (1:30) in PBS and added to 96-well glass-bottom plates for 3 h at 37°C. Virions were then fixed and stained as described
in the ‘smFISH’ section. Three genome segments were stained in each sample using probe sets labeled with Dylight-488, Atto-
565, and Atto-633. Single z-planes were imaged by confocal microscopy. Spots in each channel were identified, and colocalization
assessed in automated fashion using the ComDet FIJI plugin. Colocalization of at least two probe sets was used to identify the loca-
tion of a virion. Colocalization of the third channel (either Atto-565 or Atto-633) was quantified, and reports on the fraction of virions in
which the vRNA of interest is present. To assess probe set sensitivity, samples were taken along for all probe sets in each experiment,
in which the same genome segment was labeled with probes sets labeled with both Atto-568 and Atto-633 and colocalization was
scored to determine probe sensitivity. Each value shown in Figure 6 is corrected for the probe set sensitivity. Packaging efficiency of
seven of the eight genome segments could be assessed via this method. smFISH probes for the (-)M segment failed to give sufficient
signal for accurate analysis. Each datapoint indicates a separate experiment, which includes five to ten images containing ~100-200
virions each.

bHA bHA

Immunofluorescence (IF) staining

Primary antibody labelling

The previously published monoclonal human FI6 antibody targeting the IAV HA protein®® was a kind gift of Xander de Haan. To fluo-
rescently label the FI6 antibody with the Alexa Fluor 647, the antibody (2.5 mg/ml) was transferred to 0.1M sodium bicarbonate
(pH 8.3) buffer. The Alexa Fluor 647 NHS dye (Thermo Scientific, Cat# A20006) was dissolved in DMSO and added to the FI6 antibody
in a 3:1 molar ratio. The reaction was incubated for 4 h at r.t. using head-over-head rotation. The primary labelled antibody was pu-
rified using a 10 kba MWCO Amicon Ultra Centrifugal Filter (Merck, Cat# UFC5010), following the manufacture’s protocol, and eluted
in 100 pul PBS.

IF staining procedure

Cells were fixed in 4% PFA in PBS for 15 min, and permeabilized with 0.5% Triton-X100 (Merck, Cat# 9036-19-5) in PBS for 5 min.
After fixation, block buffer was added (2% BSA, 50 nM ammonium chloride in PBS) for 30 min, followed by 45 min incubation with the
primary antibody in block buffer. Samples were washed 5 times in block buffer, and subsequently incubated for 45 min with the sec-
ondary antibody and DAPI. After incubation with secondary antibodies, cells were washed once with block buffer and once with PBS.
All steps were performed at r.t., and the samples were stored in PBS at 4°C until imaging. IF for NP was performed using the mouse
monoclonal anti-Influenza A virus NP antibody HB-65 (10 pg/mL, BioXcell, Cat# BE0159) in combination with secondary Alexa Fluor
647 donkey anti-mouse antibody (10 pg/mL, Invitrogen, Cat# A31571). For HA labelling, Alexa Fluor 647 labeled FI6 antibody was
used (1:100 dilution). For general cell membrane staining, the sodium potassium ATPase recombinant rabbit monoclonal antibody
(10 pg/mL, Invitrogen, Cat# MA5-32184) was used as primary antibody, followed by the secondary Alexa Fluor 488 goat anti-rabbit
antibody (10 pg/mL, Invitrogen, Cat# A11034).

Combined smFISH and IF staining

For experiments in which IF staining was combined with smFISH staining, the complete smFISH protocol was performed as
described in the ‘smFISH’ section, followed by the complete IF protocol as described in the ‘IF staining procedure’ section. For
the multiplexed smFISH experiments, IF staining was performed for the sodium potassium ATPase, a protein localized to the plasma
membrane, to identify cell outlines that could be used for cell segmentation. Sodium potassium ATPase staining was performed in the
GFP channel, which overlapped with the green fluorescence from the Nb™. However, fluorescence of the Nb™ had been chemically
bleached by the iterative smFISH protocol.

Microscopy

Hardware

Fluorescence microscopy of all live and fixed cell experiments was performed using a Nikon TI2 inverted microscope controlled by
the NIS Elements software (Nikon), equipped with a CSU-X1 spinning disc (Yokagawa) and a Prime 95B sCMOS camera (Photomet-
rics). For imaging, a 60x/1.40 NA or a 40x/1.30 NA oil-immersion objective was used. z-drift was corrected using the Nikon perfect
focus system. The microscope stage was equipped with a temperature-controlled box to conduct live-cell experiments at 37°C and
fixed-cell experiments at r.t.
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Microscopy acquisition settings

In all experiments, a 50 ms exposure time was used for all laser lines. For long-term live-cell acquisitions, a large field of view (FOV)
was created by computationally stitching single FOVs post acquisition (see ‘image stitching’ subsection). The generation of a large
FOV allows robust tracking of cells over longer periods of time, even with substantial cell migration. For example, for live-cell exper-
iments combined with multiplexed smFISH, 210 individual FOVs organized in a 15x14 x,y-grid were acquired and stitched post-
acquisition. The time interval in long-term live-cell experiments running less than 24 h was set to 15 min, unless indicated otherwise.
For each x,y-position, 3 z-slices (1 pm step size) were acquired. VISUN images were acquired in the GFP channel, Hoechst 33342 in
the BFP channel and Nb" either in the GFP channel or the mCherry channel. Nb"A-GFP was used for experiments shown
in Figures 2B, 3J, 3K, 4F-4l, 5 (progression score), S1M, S3A, S3D, S3E, S6A, S7TD-S7G, and S8F, and NbHA-mCherry as shown
in Figures 3G, 4D, 4E, 5K, S1J, S3B-S3D, S5A, S5D, and S5E.

Short-term imaging for counting of the number of vRNP spots (Figures 4C, 6A, 6D-6F, 6H, 6l, S1D, S8C, and S9A) or analyses of
VRNP entry dynamics (Figures 3A-3F) was conducted without delay between acquired images (using 50 ms exposure) using a single
z-slice. To determine VRNP spot number per cell, single x,y positions were imaged for 20 s. For virus entry experiments, single FOVs
were imaged simultenously with pH value adjustment for up to 10 min.

For experiments in which live-cell imaging was combined with fixed-cell imaging, fixation of cells was performed immediately after
acquisition of the last time point of the live-cell experiment. After staining, either following the smFISH or IF protocol, samples were
aligned to the same x,y positions acquired during the live-cell experiment. For each x,y-position, 5 to 13 z-slices with 1 pm step size
(stained cells), or a single z-slice (stained virus particles) were imaged.

QUANTIFICATION AND STATISTICAL ANALYSIS

Maximum intensity projection of z-slices
Before further analysis, maximum intensity projections of all z-slices were generated by either Nikon NIS-Elements AR (5.21.03), or
upon data import using Numpy (1.23.5).

Automated processing of live-cell imaging data

All live-cell image analysis was performed using Python (3.9.7).

Hllumination correction

Acquisition of images with most microscopes leads to images with non-homogeneous illumination, most commonly seen by signal
decreasing towards the edges of the acquired FOV. lllumination correction for live-cell image datasets was performed using images
obtained from a concentrated dye solution (4 pg/mL DyLight 488-NHS Ester), and dark images. 100 images at multiple x,y positions
were acquired for both light and dark exposures, which were subsequently median-projected and used to calculate a correction ma-
trix. The correction matrix was then applied to every single FOV.

Image stitching

Following illumination correction, the individual FOVs were stitched together into a large FOV. Stitching parameters were computed
using the MIST algorithm in Imaged on the timepoint halfway through the time-lapse and these stitching parameters were then
applied to all other timepoints.®*® To launch stitching in ImageJ from python, the PylmageJ package was used.

Segmentation

Segmentation of nuclei was performed on the Hoechst 33342 images, using CellPose (2.2.3) with the pre-trained ‘nuclei’ model and
an average object diameter of 80.%°

Tracking

Tracking of cells over time was performed using the generated segmentation mask objects and the simple LAP track mode of
TrackMate (7.9.2), with settings: max frame gap = 5, linking max distance = 60, gap closing max distance = 100, enable track split-
ting = False, enable track merging = False.”®

Automated Nb"A quantification

Measurement of object intensity was performed using regionprops._table from scikit-image (0.22.0). To quantify the intensity for No™*
signal, a custom function was added to the regionprops that computes the 1 percentile of all pixels in the nuclear area. The 1 percen-
tile value was then background subtracted based on the mean signal of uninfected cells (based on NbNF) for all timepoints. To inte-
grate data from replicate (n=3) experiments, the baseline subtracted intensity values were scaled between the 15t and 99" percentile
per replicate irrespective of timepoint.

Mitosis calling

To assess the interplay of viral infection, replication and host cell mitosis we developed an approach to detect mitotic events and link
sister-cells in an automated manner. Detection of mitotic cells was achieved by:

1. Extracting morphological and DAPI intensity features for all cells

2. Annotating a subset of cells in interphase and mitosis. Cells were chosen randomly across the whole time-lapse
3. Training a random forest classifier on the annotated cells

4. Applying the model to the rest of the data
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For the cells and timepoints in which a mitotic event was predicted by the model, we searched for tracks that were newly initiated
within a certain window of space and time (e.g. newly initiated tracks within 20 pixels in x- and y and within three timepoints in time).
For each mitotic event, the newly initiated tracks within this window were then extracted and used for sister-cell linking. The predicted
sister-cell linkages that were used for data analysis were validated by checking the time-lapse movies manually.

Creating single-cell grids and animations

The single-object-grid tool (see code repository) was used to crop a small FOV around tracked cells in order to create stabilized
timeseries with the nuclear centroid centered. The napari-animation plugin was used to generate video output from the napari viewer
to create supplemental videos.

Live-cell imaging analyses

VvRNP count and virions per cell count

To determine the number of vRNPs in the nucleus or cytoplasm, infected cells were imaged for a short period of time as described in
the ‘microscopy acquisition settings’. Fluorescent spots were counted manually. Only cells, which were located completely in the
FOV were used for analysis of spot count. In A549-NbNP-NLS cells, the location of the nucleus was verified by Hoechst 33342 stain-
ing. Since the A549-Nb™"cyto cell line was polyclonal, some cells showed stationary background spots in the GFP channel, which
could readily be discriminated from VISUN spots based on their mobility. Such cells were excluded from further analysis.

To determine the number of infecting virions within a single cell, the number of VISUN spots was scored as indicated above. If the
number ranged between 1-8, the cells were assigned to the group of one-virion infections, between 9-16 as two-virion infections, and
>16 as infections with more than two virions. For most experiments, 20 s streaming acquisition was performed after 1h of inoculation
to score the number of infecting virions as described in ‘microscopy acquisition settings’. For experiments in which long-term imag-
ing was started simultaneously with inoculation (Figure S2C), the number of infecting virions was determined based on the spot count
in single z-slices.

Quantification of vRNP entry dynamics

For the quantification of the duration between pH adjustment and endosomal fusion, we determined the time from pH adjustment to
the first observation of a (largely) immobile VISUN spot in the cytoplasm. For this analysis we included only spots that appeared after
the start ofimaging and that later split into smaller, mobile spots during the observation period. All other spots were excluded from the
analysis, since such spots likely represent background spots. For analysis of the dynamics of endosomal release of vRNPs, only
spots were included that remained in the z-plane that was imaged during the course of imaging. The first moment a spatial separation
was observed between the bright immobile spot and a mobile spot was called as the moment of release of the genome segment.
Annotation of VISUN time-lapse imaging

All annotations of the life cycle stages imaged with VISUN were performed manually.

The moment of infection: The moment of infection was determined based on the first VISUN spots appearing in the nucleus. If
several viral particles entered the nucleus at different time points, the moment of detecting the first spot was used.

The moment of vRNP replication: The moment of vRNP replication was determined based on the first increase in VISUN spot num-
ber after vRNP entry. The increase in number of vRNP spots had to be visible for at least three consecutive points in time of which the
first one is defined as the start time of replication. In cells in which the virus replicated, single-molecule resolution was often lost after
several rounds of replication, which was labeled as “extensive” replication (Figures 1H and S8A). Maintaining single-molecule res-
olution of vRNPs until the end of imaging despite VRNP replication indicates low-level vRNP replication, and was labeled as “limited
replication” (Figure S8A). It is noteworthy that the same fluorescent spot can appear in multiple z-slices due to fast diffusion of vVRNPs.
Consequently, a single vVRNP occasionally appears twice in images of MaxIP projection of z-slices. Therefore, an increase in spot
number was determined by the trend of the average spot count per cell over time.

The moment of vVRNP nuclear export: VRNP nuclear export was manually called based on a visually detectable decrease in nuclear
VISUN-signal intensity and a concomitant increase in cytoplasmic VISUN-signal. We validated this approach to be quantitative and
consistent by automated measurements of VISUN-intensity in the nucleus and the nuclear periphery and found that the manually
called timepoint of vVRNP nuclear export corresponds to the half-maximum VISUN signal intensity change between initial (pre-nuclear
export) and final (post-nuclear export) situation, both in the nucleus and the cytoplasm (Figure S2E).

Annotation of Nb" signal

For determination of the moment of HA appearance at the plasma membrane, manual annotations were performed. Cells were
considered positive for HA if a plasma membrane outline became detectable in the NbHA channel. The first moment a plasma mem-
brane outline became apparent was annotated as the moment of HA appearance.

Progeny release was analyzed in experiments with low MOI (MOI < 0.05) to ensure that HA-expressing cells were spatially distant
from each other (typically at least separated by one FOV). The spatial distance between HA-positive cells facilitated the identification
of the cell from which progeny virions originated, which can be challenging as progeny from a single infected cell can spread out over
large areas. HA-expressing cells were classified as progeny-releasing at the moment when > ~50 Nb" spots were detected in a
region around the HA-positive cell that corresponds to three times the cell’s own radius.

Fixed-cell experiments for vRNP nuclear export

To validate that vVRNP export could be called accurately from VISUN live-cell imaging data (Figure S2D), cells were first imaged by
VISUN, after which cells were fixed and stained with the NP antibody, as described under ‘IF staining procedure’, to examine nuclear-
cytoplasmic translocation of NP (which occurs along with vVRNA nuclear export). For cells in which vRNP replication occurred (as
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assessed by VISUN), vRNP nuclear export was called manually based on VISUN to identify cells with or without vVRNP nuclear export.
The NP IF signal in nucleus and cytoplasm of both groups was analyzed in automated fashion. The cell outline segmentation was
performed using an IF staining of the sodium potassium pump ATPase, which is localized to the plasma membrane. DAPI staining
was used for nuclear segmentation. Segmentations were performed as described below in the section ‘image analysis’. After back-
ground subtraction (using fluorescence intensity levels in uninfected cells), for each cell, the ratio between cytoplasmic and nuclear
NP intensities was determined.

To examine the impact of the NLS fused to NbNF on the kinetics of vVRNP nuclear export (Figure S11), A549-WT and A549-NbNP-NLS
cells were inoculated with IAV and fixed at indicated time-points post-inoculation. To assess VRNP nuclear export cells were stained
using smFISH probes labeled with Atto-633 targeting all eight vVRNAs. The mean cytoplasmic smFISH intensity was calculated by
subtracting the total nuclear-localized signal from the total whole-cell signal. The nuclear-to-cytoplasmic ratio in fluorescence
was then divided by the cytoplasmic area. Nuclei were segmented based on DAPI staining and the cell outline segmentation was
performed using an IF staining of the sodium potassium pump ATPase.

Colocalization analysis of VISUN foci and viral RNA

For the colocalization analysis (Figures STE-S1G), cells were incubated with virus inoculum and imaged for 3 h, allowing initiation of
VRNP replication in a subset of cells. Cell were subsequently fixed and smFISH staining was performed, as described under
‘smFISH’. (-)PB2 was stained using probes labeled with Atto-568, and (+)PB1 was stained using probes labeled with Atto-633. Im-
ages were acquired with a z-step size of 0.5 um (see section ‘microscopy acquisition settings’). To quantify colocalization of VISUN
spots with (-) RNA smFISH, images were processed as follows; first, nuclei were segmented in 3D using the GFP signal from the nano-
body. To enhance the performance of segmentation and remove the VISUN spots, the GFP images were first smoothed using a
gaussian filter with sigma=2. The smoothed GFP images were then used for 3D nuclear segmentation with cellpose 2.0, using the
parameters: Choose_3D_mode = “3D predictions”, Object_diameter = 80, Anisotropy = 3, Min_size = 20000, mask_threshold=0,
model = models.Cellpose(gpu=False, model_type="nuclei’).°° As a second step, the VISUN and (-)RNA smFISH spots were detected
using deepblink.”? More specifically, the deepblink model ‘smfish2’ was applied with probability = 0.000001. The spot detection was
performed on each z-slice separately. To ensure that the same spot is not detected multiple adjacent z-slices, a 3D refinement step
was included to find the center of the spot in the z-dimension, as described previously (https://github.com/BBQuercus/deepBlink/
blob/master/examples/3d_prediction.ipynb). In brief, detected spots are tracked along the z-axis and the z-slice with the highest in-
tensity is selected as the z-coordinate of the spot. Thirdly, since fixation can affect the VISUN spots, cells with clear VISUN spots were
manually selected. Finally, colocalization was assessed by quantifying whether a VISUN spot was found within a 3-pixel distance
(550nm in xy, 1.5um in z) of the detected (-)RNA spot. Since colocalization can occur due to randomness rather than specific coloc-
alization, especially if the number of spots is high or the volume in which spots are detected is small, we analyzed the amount of
random colocalization to ensure that the observed values are significant. To determine the amount of random colocalization, the
same segmented nuclear 3D masks as above were used and the same number of spots that was detected for each nucleus was
seeded randomly within the nuclear volume. Colocalization was then calculated as described above and compared to the observed
values.

Quantification of vRNP nuclear import rates

To examine the impact of the NLS of NbNP-NLS on the kinetics of VRNP nuclear import in early infection (Figure S1H), infection by WT
IAV was synchronized in A549-WT and A549-NbNP-NLS cells using the pH change assay (see ‘live-cell imaging of viral entry’) and
cells were fixed at the indicated times post-pH change. After fixation, smFISH staining was performed for (-)PB2 (Atto-633) to deter-
mine nuclear import of the PB2 vRNP. In this analysis, we ensured that all (-)PB2 smFISH foci represented vRNPs that had entered the
cell, rather than vRNPs present in intact virions either attached to the outside of the cell or present in endosomes. To this end, we
excluded (-)PB2 spots if they colocalized with (-)PB1, (-)PA, (-)NP and (-)HA smFISH foci, as such (-)PB2 spots likely represent intact
virions. Nuclear segmentation and colocalization analyses were performed as described in ‘colocalization analysis of VISUN foci and
viral RNA’,

Quantification of VISUN spot count after vRNP replication

To corroborate that VISUN spot number increase, as observed in time-lapse imaging, accurately reports on vVRNP replication, cells
were first imaged using VISUN to call replication, after which vRNA content was assessed by smFISH (Figures S2B and S2C). Cells
were inoculated with virus, and imaged for 4 h. Cells were then grouped based on the number of infecting virions (1, 2, >2), and based
on whether vVRNP replication was observed by VISUN, see sections ‘annotation of VISUN time-lapse imaging’ and ‘vRNP count and
virions per cell count’. For each of the resulting six groups of cells, the count of (-)RNA smFISH spots was determined.
Calculation of expected success rates

The expected success rates for vRNP replication, vVRNP nuclear export, HA synthesis and progeny release for two or three virions
(Figure 4G) was calculated by assuming that each virion has an independent and equal chance to successfully accomplish the
respective infection cycle step. Calculations for expected success of two virion infections were performed using the equation:

P(AuB) = P(A)+P(B) — P(AB), (Equation 1)
and calculations of the expected success rates of three virion infections using the equation:

P(AUBUC) = P(A)+P(B) +P(C) — P(ANB) — P(ANC) — P(BNC)+P(ANBNC), (Equation 2)
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where P(A), P(B), and P(C) are the success rates of the individual virions for the indicated infection cycle phase, i.e. the one-virion
success rates (see Figure 4F). The individual data points of the calculated success rate in Figure 4G were based on the success
rate values obtained in the independent experimental repeats shown in Figure 4F.

Analysis of multiplexed smFISH

The following section refers to results presented in Figures 5, 6, S6-S8, and S10.

Image analysis

Overview. Since live-cell data was generated in large FOVs (see ‘microscopy acquisition settings’), the multiplexed smFISH readouts
that were subsequently generated were also acquired in large FOVs, so that all single cells could be easily matched between live and
fixed data. To achieve interpretable information from all rounds of the iterative smFISH readout (see ‘smFISH’) that can be matched
with the live-cell imaging data, several key steps have to be performed, which are described in more detail below. Allimage analysis
was performed using python 3.9.15.

lllumination correction. To correct for non-homogeneous illumination in the multiplexed smFISH experiments, we used post-acqui-
sition illumination correction using the BaSiC algorithm.”® Post-acquisition illumination correction allows calculation of a correction
model to correct uneven illumination, given that there are enough images to measure uneven illumination. The correction model is
calculated for each channel separately, since uneven illumination can be specific for optical setups of different channels. To ensure
that there are sufficient images to calculate the correction, all images that were acquired across the whole experiment (from all iter-
ations of smFISH staining) were collected, resulting in ~2,000 images per channel. The python implementation of the BaSiC illumi-
nation algorithm was used to compute a separate illumination correction model for each channel using the function and parameters
BaSiC (get_darkfield=True, smoothness_flatfield=1).”® The models were applied to the respective channels and the corrected images
were saved.

Image stitching. Following illumination correction, the individual FOVs were stitched together into a large FOV using the MIST al-
gorithm in Imaged. Stitching was performed on each staining round separately, since the stage could have shifted between iterations
of smFISH. To make sure that stitching is consistent between channels of the same acquisition, the best stitching parameters were
first computed on the DAPI channel (that is present in each acquisition of the iterative smFISH experiments) and these stitching pa-
rameters were then applied to all channels of the same acquisition.

Image registration of staining rounds. To allow for quantitative measurements of the same cells across all staining rounds, it is
important that the large FOVs that were generated are aligned to each other. The image alignment, or registration, was performed
on the DAPI channels of each staining round and then applied to all other channels of the same staining round. To perform registration
of one image to another, a reference image has to be selected. In this case, the stitched DAPI image from a staining round half-way
through all staining rounds was selected as the reference image. The reference DAPI image was then used to compute the best trans-
formation for the stitched DAPI image of each acquisition, yielding a transformation that is specific for each staining round and is
applied to the other channels of the respective staining round. Registration was performed using the python package pystackreg,
a python implementation of the StackReg algorithm.”* More specifically, the registration was performed using affine transformation
of the stitched DAPI image (Figure S6A).

Since only regions which were covered by all staining iterations are of interest, all the stitched and registered images were cropped
to the region which was overlapping between all iterations.

Nuclear and cell segmentation. After illumination correction, stitching and registration, segmentation was performed to extract
quantitative measurements for all cells and nuclei across all the stainings. Segmentation of nuclei and cells was performed using cell-
pose 2.0.%° To segment nuclei, DAPI staining was used. Segmentation of nuclei was performed using the model_type="nuclei’ with an
average object diameter of 100. For cell segmentation, the membrane staining was combined with the DAPI staining to create a two-
color image and cell segmentation was performed using the model_type="cyto2’ with an average object diameter of 240.

The resulting segmentation masks were then visualized together with the images using the napari viewer and segmentation errors
were manually corrected. Corrected segmentation masks were saved for further processing.””

smFISH spot detection. To quantify the number of viral and host RNAs per cell, single smFISH spots have to be detected and
counted. However, expression levels of viral genes in particular range over multiple orders of magnitude, yielding cells that are
too full of RNA to distinguish single smFISH spots. To address this problem, dense regions — regions in which individual smFISH spots
cannot be distinguished - were decomposed into single spots, as described previously.”® We are likely underestimating the real num-
ber of RNAs in cells with highly progressed infections because of the maximum intensity projection that is performed before starting
with image analysis.

Spot detection and decomposition of dense regions yields a table with x,y-coordinates for each spot that was detected, which are
used for counting spots per cell, as described in single-cell feature extraction.

Since the multiplexed smFISH is generated by sequential rounds of staining, imaging and destaining, it is important that the spot
counts are not affected by signal carried over from a previous round of staining into the new round. To validate this the cells were
imaged after each round of destaining and the destaining rounds were processed as described above. For each destaining, the
spot detection parameters of the following staining round were applied, to make sure that the same criteria for spot detection are
applied as in the staining to which its signal could be carried over. We found that signal was removed very efficiently in destaining
rounds (Figure S6B).

e10 Cell Systems 17, 101489, February 18, 2026



Cell Systems @ CelPress

OPEN ACCESS

Single-cell feature extraction. To count the number of RNA molecules in nuclei and cells, the computed segmentation masks (as
described in ‘nuclear and cell segmentation’) and spot coordinates (as described above in ‘smFISH spot detection’) are combined.
The spots are counted per staining and segmentation mask, yielding a table that contains the number of detected spots per mask and
staining. This procedure is performed for both nuclear and cell segmentation. To extract cytoplasmic RNA counts, the nuclear counts
were subtracted from the whole-cell counts. To quantify intensity of HAN® for single cells, the regionprops function from scikit-image
was used.”'

To assess whether our experimental and analysis workflow yields consistent results across staining rounds, we included one stain-
ing (PB2 negative sense staining) in round two and five and analyzed both staining rounds as described above. When comparing
single-cell spot counts between the two rounds, spot counts were very consistent, with a pearson correlation of 0.95 between
the two rounds (Figure S6C).

Spillover correction. Due to the high dynamic range of viral gene expression — ranging from a few molecules to hundreds of thou-
sands - it is crucial that spot count quantifications for cells in which none or only a few RNAs are present, are not affected by highly
positive neighboring cells. Spillover from highly positive cells can occur because of issues in stitching, registration or cell segmen-
tation, or a combination thereof. To address this challenge, we developed an approach to correct for this type of spillover using the
following steps for every single cell and for every staining:

1. The cell segmentation is iteratively eroded by several pixels, therefore creating new segmentation in which the outermost pixels
are removed, making the cell mask smaller.

2. For each of the (eroded) segmentations, the spot count and the area of the segmentation is extracted.

3. Forthe next steps, only segmentation masks with a defined minimal area are used, to make sure that small cells are not shrunk
too much.
a. If the smallest three erosions have a spot count of zero, then set spot count to zero
b. Otherwise, calculate the corrected number of spots by performing robust linear regression on the extracted spot counts as

a function of the cell area.

If a cell has a lot of spots in the outer layers of its segmentation, the first counts are high but then values drop off abruptly of the
mask is eroded. The robust linear regression disregards these values because they are considered as outliers, therefore correcting
the value to zero or lowly positive, depending on whether the counts are zero after the drop off — indicative of a negative cell - or if a
linear scaling is observed — indicative of a lowly positive cell that was affected by spillover (Figure S6D). For cells that are not affected
by spillover, the spot count should scale linearly with cell size and the count is therefore largely unaffected by the correction
(Figures S6D and S6E).

Linking fixed cells to live cell data. To link cells between the live-cell imaging and the multiplexed smFISH experiments, nuclear
segmentation masks of both the final timepoint of live-cell imaging and the multiplexed smFISH were used. Both segmentation
masks were binarized. The binarized nuclear segmentation from the fixed data was then registered to the binarized nuclear segmen-
tation of the live-cell data using registration as described above in ‘image registration of staining rounds’. The computed transforma-
tion was then applied to the non-binarized nuclear segmentations from the fixed data. Finally, for each nucleus in the live-cell data the
most abundant pixel value (mode) of the transformed fixed nuclear segmentations was extracted, yielding a table with matched live-
cell nuclear segmentation labels and fixed-cell nuclear segmentation labels which was saved for further processing.

Calculating RNA count cut-off values. Due to noise arising from the smFISH protocol or the subsequent analysis thereof, it is impor-
tant that in particular for viral RNAs no false positive cells are introduced, which would distort the analysis of infected cells. To ensure
that technical noise is not affecting our smFISH readouts, we therefore took advantage of the matched VISUN information to annotate
around two hundred uninfected cells based on the live-cell imaging. The uninfected cells were used to calculate the 95"-percentiles
for spot counts in each viral smFISH staining, to make sure that we have a very low false discovery rate of viral RNAs. The 95"-per-
centiles were then used to define a lower threshold for each viral staining, below which all values were set to zero (Figure S6G).
Data analysis
All data analysis was performed using R version 4.2.2 and Rstudio version 2022.12.0+353.%" All plotting was performed using ggplot2
version 3.4.4.5° General data wrangling was performed using dplyr version 1.1.4.% All boxplots shown in this study show the inter-
quartile range with whiskers indicating the 95% confidence intervals.

Phenograph clustering. Phenograph clustering was performed on the eight measured viral (+)mRNAs.® To determine the best
k-parameter for phenograph clustering, a range of k-parameters was selected and for each, phenograph clustering was performed
on the dataset. Silhouette score was then used as a measure of clustering quality, as defined by the similarity within vs between clus-
ters. In addition to silhouette score, the resulting cluster size was taken into account and k=40 was determined as the best parameter
(Figure S7A).

UMAP. UMAP projections were computed using the umap function from the umap package version 0.2.10.0.° The umap function
was run on the eight measured viral (+)mRNAs, with default umap parameters, except min_dist=0.9.

Viral progression score. To compute the viral progression score (Figures S7D and S7E) the following features were used:

- total viral (+)RNA in the nucleus and cytoplasm, calculated by summing up the eight viral (+)RNAs that were measured
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- total viral (-)RNA in the nucleus and cytoplasm, calculated by summing up the three viral (-)RNAs that were measured: PB2, PB1
and NP

- mean HA protein intensity of the eroded cell segmentation. Cell segmentations were eroded by 30 pixels to reduce spillover
from highly HA positive cells into neighboring cells.

All features were first log-transformed using y = log10(x+1) and the log-transformed features were scaled using the scale function
of the base R package.

To compute the progression of infection score, cells were first reduced into 2D space using the DiffusionMap function of the destiny
package with default settings except k=800 (Figure S7D).°” Analysis of the diffusion maps showed a group of cells that was distinct
from the rest of cells. Upon closer inspection these cells turned out to be only (-)RNA positive because they were neighboring highly
infected cells that were likely budding new virus that attached to neighboring cells. Since these cells are not reflecting an ongoing
infection but rather proximity to a highly infected cells, we removed them from downstream analysis. Using k-means with default pa-
rameters except centers=4 and n_start=50 allowed for easy detection and removal. Upon removal of the false positive (-)RNA cells,
the diffusion map was computed again on the remaining cells using the same parameters as mentioned above. To align cells along a
continuous trajectory through the diffusion map, the R package of the slingshot algorithm was used (Figure S7D).%® The positions for
single cells along the trajectory through the diffusion map were then extracted using the getCurves and slingPseudotime functions.
For all subsequent analyses, the viral progression score refers to this computed trajectory, which is also shown in Figure S7D
(blue arrow).

Statistical testing. Unless indicated otherwise, for statistical testing a two-sided t-test was performed. For paired data (Figures 6A
and 6l), a paired, two-sided t-test was performed. In Figures 5H and 5J, statistical significance was determined through a one-way
ANOVA with Dunnett post-hoc test. P-values are indicated as n.s., *, **, *** for non-significant, p-value < 0.05, p-value < 0.01 and
p-value < 0.001, respectively.
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