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Abstract

Defining the specific factors that govern the evolution and transmission of influenza A
virus (IAV) populations is of critical importance for designing more effective prediction and
control strategies. Superinfection, the sequential infection of a single cell by two or more
virions, plays an important role in determining the replicative and evolutionary potential of
IAV populations. The prevalence of superinfection during natural infection, and the
specific mechanisms that regulate it, remain poorly understood. Here, we used a novel
single virion infection approach to directly assess the effects of individual IAV genes on
superinfection efficiency. Rather than implicating a specific viral gene, this approach
revealed that superinfection susceptibility is determined by the total number of viral genes
expressed, independent of their identity. IAV particles that expressed a complete set of
viral genes potently inhibit superinfection, while semi-infectious particles (SIPs) that
express incomplete subsets of viral genes do not. As a result, virus populations that
contain more SIPs undergo more frequent superinfection. These findings identify both a
major determinant of |AV superinfection potential and a prominent role for SIPs in
promoting viral co-infection.

Introduction

Influenza A viruses (IAV) are estimated to cause hundreds of thousands of deaths across
the world every year during seasonal epidemics, despite widespread pre-exposure and
vaccination(1). In addition to the yearly burden of seasonal influenza viruses, novel
zoonotic AV strains periodically emerge into humans from swine or birds, triggering
unpredictable pandemics that can dramatically increase infection and mortality rates (2).
Defining the specific factors that influence the evolution of influenza viruses is critical for
designing more effective vaccines, therapeutics, and surveillance strategies.

The prevalence of co-infection can play an enormous role in determining the replicative
and evolutionary potential of IAV populations. This is a function both of the segmented
nature of the viral genome and the enormous amount of genomic heterogeneity present
within IAV populations(3,4). Co-infection allows reassortment, the production of novel
viral genotypes through the intermixing of the individual IAV genome segments (5,6).
Reassortment events have contributed to the emergence of every major influenza
pandemic of the past century(7). Co-infection also facilitates the complementation and
productive replication of the semi-infectious particles (SIPs) that make up the majority of
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IAV populations (8—12). Finally, increasing the frequency of co-infection can accelerate
viral replication kinetics and virus output by increasing the average multiplicity of infection
(MQI)(13—-15). Thus to better understand how |AV populations transmit and evolve, we
must identify the specific host and viral factors that govern co-infection.

One of the primary means by which co-infection can occur is superinfection, the
sequential infection of one cell by multiple viral particles. For some viruses, superinfection
appears to occur freely(16,17). In contrast, a diverse range of viruses actively inhibit
superinfection through a variety of mechanisms, a phenomenon known as superinfection
exclusion (SIE)(18-26). The only in-depth study to date of IAV superinfection concluded
that the viral neuraminidase (NA) protein acts to potently and rapidly inhibit 1AV
superinfection by depleting infected cells of the sialic acid receptors required for viral entry
(27). More recently, Dou et al. reported a narrow time window during which IAV
superinfection was possible(13). The existence of a potent mechanism of IAV SIE is at
odds with both the frequent co-infection observed in a variety of experimental settings,
and the widespread occurrence of reassortment at the global scale(28-33). Marshall et
al. showed that superinfection up to 8 hours after primary infection leads to robust co-
infection and reassortment in cell culture(34). Widespread co-infection and
complementation have also been observed in the respiratory tracts of IAV-infected mice
and guinea pigs(9,35). Collectively, these results suggest that IAV superinfection can be
restricted, but to what extent and through which specific mechanisms remains a crucial
open question.

Here, we reveal that IAV superinfection potential is directly regulated by the extent of
genomic heterogeneity within the viral population. We observed that superinfection
susceptibility is determined in a dose-dependent fashion by the number of viral genes
expressed by the initially infecting virion, regardless of their specific identity. Further, we
show that superinfection occurs more frequently in IAV populations with more SIPs
compared with those with fewer. Finally, we demonstrate that SIE is mediated by the
presence of active viral replication complexes, and is completely independent of gene
coding sequence. Altogether, our results reveal how genomic heterogeneity influences
IAV superinfection potential, and demonstrate how SIPs can modulate collective
interactions within viral populations.

Results

Influenza virus SIE occurs in multiple cell types and is independent of type |
interferon secretion

A previous study of IAV SIE concluded that NA expression completely blocks
susceptibility to superinfection by 6 hours post-infection (hpi)(27). To explore the potential
mechanisms of AV SIE in greater detail, we developed a flow cytometry-based assay
that allows us to precisely measure the effects of previous infection on superinfection
efficiency. To clearly identify cells infected by the first virus, the superinfecting virus, or
both, we used two recombinant viruses that express antigenically distinct hemagglutinin
(HA), NA, and NS1 proteins that we could distinguish using specific monoclonal
antibodies (mAbs) that we had on hand (Fig S1). For the primary infection, we used a
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92 recombinant version of the H1N1 strain A/Puerto Rico/8/34 (rPR8). For the secondary

93 infection, we used a recombinant virus (rH3N2) that contained the HA and NA gene

94 segments from the H3N2 strain A/Udorn/72, the NS gene segment from

95 A/California/04/09, and the remaining 5 segments from PRS8.

96

97 We first asked whether prior infection with rPR8 affected cellular susceptibility to

98 superinfection with rH3N2. We infected MDCK cells with rPR8 at an MOI of <0.3

99 TCIDS0/cell, and at 3 hpi (all times post infection will be relative to the first virus added)
100 we added the PR8-HA-specific neutralizing mAb H17-L2 to block secondary spread of
101  rPR8 within the culture. At 6 hpi, we infected with rH3N2 at an MOI of <0.3 TCID50/cell.
102 To prevent spread of both rPR8 and rH3N2, we added 20 mM NH4CI at 9 hpi. In parallel,
103 we performed simultaneous co-infections (0 hr) with rPR8 and rH3N2 to measure co-
104 infection frequencies when SIE should not be possible. At 19 hpi we harvested cells and
105 examined primary and secondary virus infection by flow cytometry, using H1 and H3
106  expression as markers of rPR8 and rH3N2 infection, respectively. We observed that the
107  H3+ frequency within H1+ cells was significantly reduced when rPR8 infection preceded
108 rH3N2 by 6 hrs compared with when rPR8 and rH3N2 were added simultaneously (Fig
109 1A). This indicated that rPR8 infection significantly reduces the susceptibility of cells to
110 superinfection by 6 hpi.
111
112 We next asked whether the SIE effect was cell type specific, and whether it depended
113  upon activation of the type | interferon (IFN) system. We performed the same experiment
114  as above in MDCK cells, A549 cells, 293T, and Vero cells (which are incapable of type |
115 IFN secretion)(36,37). We observed that the extent of SIE was comparable between all
116 cell lines tested, suggesting that SIE occurs in multiple distinct cell types, and does not
117  depend upon IFN secretion (Fig 1B; Fig S2).
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Figure 1. A 6-hr delay between primary infection and superinfection allows robust
superinfection exclusion. The indicated mammalian cell lines were either simultaneously (Ohr) or
sequentially (6hr) infected with rPR8 and rH3N2 a MOI<0.3 TCID50/cell. (A) Representative FACS
plots showing expression of H1 versus H3 within MDCK cells. (B) H3+ frequencies within H1+ cells
following simultaneous or sequential infection, in the indicated cell lines. Values are calculated as the
percentage o the mean Ohr value, and are presented as the mean (n=3 cell culture wells) * standard
119 deviations. ***P<0.001; ****P<0.0001; t test.
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120 Viral neuraminidase expression does not fully explain the SIE phenotype

121  In an attempt to confirm the previously reported role for NA activity in SIE, we directly
122 measured the effect of NA expression on IAV SIE in our system(27). We took advantage
123 of our previous observation that IAV populations consist primarily of SIPs that fail to
124  express one or more viral genes(8). When carrying out the primary infection at low MOI,
125 we generate populations of infected cells that are either positive or negative for
126  expression of a given viral gene. We can then assess the effects of specific viral proteins
127 on superinfection susceptibility by comparing superinfection frequencies between
128 infected cells that do or do not express the protein in question.

129

130 We performed the same superinfection experiment as described above in MDCK cells,
131 and at 19 hpi, harvested and stained with mAbs against H1, N1, and H3. To compare
132 rPRS8 infected cells that did or did not express NA, we individually gated cells into H1+N1+
133  and H1+N1- subpopulations (Fig 2A). Comparison of H3+ frequencies between H1+N1+
134 and H1+N1- cells revealed that NA expression was clearly associated with decreased
135  susceptibility to superinfection in rPR8-infected cells (Fig 2B). This finding was consistent
136  with the previously reported role for NA in AV superinfection exclusion(27). Importantly,
137  while SIE was most pronounced in the H1+N1+ cells, we also observed a significant
138 decrease in superinfection susceptibility within the H1+N1- cell population by 6hpi,
139  suggesting that viral factors other than NA also act to restrict superinfection.
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Figure 2. Superinfection is more potently inhibited in NA positive

cells, independent of NA expression level. MDCK cells were infected

with rPR8WT, rPR8NP:F346S or rPR8NA:K239R, and simultaneously
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infection. Values are calculated as the percentage of the mean Ohr value.

(C) Comparison of NA expression within H1+N1+ cells between

rPR8WT, rPR8NP:F346S and PR8NA:K239R at 19 hpi. (D) Comparison
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142  Relative NA activity can vary significantly between IAV strains(38). If NA activity inhibits
143 |AV superinfection, we hypothesized viruses that express less NA would undergo more
144  frequent superinfection. To define the quantitative relationship between NA expression
145 and SIE, we examined the effects of two substitutions (NP:F346S and NA:K239R) that
146  decrease cellular NA expression relative to wild-type PR8 on superinfection
147  efficiency(9,39) (Fig 2C). Surprisingly, these mutants did not exhibit higher superinfection
148  frequencies than wild-type PR8 (Fig 2D). These results suggest that SIE can be mediated
149 by NA gene expression, but is not significantly influenced by relative NA expression levels.
150
151  Superinfection susceptibility is determined by the number of viral genes expressed,
152  not their identity
153  Based on our observation that superinfection was also inhibited within H1+N1- cells (Fig
154 2B), we hypothesized that expression of other viral gene products can also inhibit
155  superinfection. We examined the effects of HA and NS1 expression on superinfection
156  susceptibility, using rPR8-specific mAbs. Surprisingly, we found that both HA and NS1
157  expression within rPR8-infected cells were also associated with significant decreases in
158  superinfection by rH3N2, comparable to the effect associated with NA expression (Fig
159 3A,B). To further dissect the effects of viral gene expression patterns on SIE, we
160 individually gated all seven possible combinations of HA, NA, and NS1 expression by
161 rPR8 (HA+NA+NS1+, HA+NA+, HA+NS1+, NA+NS1+, HA+, NA+, NS1+) and directly
162 compared rH3N2 infection frequencies between them (gating scheme: Fig. S3). We
163  observed that the fraction of cells superinfected with rH3N2 was inversely correlated with
164 the number of rPR8 genes expressed, regardless of their specific identities (Fig 3C,D).
165 Thus, susceptibility to IAV superinfection is determined by the number of viral genes
166  expressed in the host cell, rather than their specific identity.
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168 Superinfection is more prevalent in IAV populations with more SIPs

169 If the number of viral genes expressed in a cell determines superinfection susceptibility,
170 then decreasing the average number of functional viral genes successfully delivered by
171  individual virions should increase the overall incidence of superinfection. We tested this
172 by artificially decreasing the functional gene segment content of rPR8 through exposure
173  to UV irradiation(40). Exposure to low dose UV irradiation generates SIPs that carry gene-
174 lethal UV-induced lesions at frequencies proportional to genome segment length. Based
175 onour previous findings, we hypothesized that superinfection frequencies would increase
176  with longer exposure of rPR8 to UV.

177

178 We UV irradiated (302nm) rPR8 for either 30s or 60s, and confirmed that the TCID50
179  concentration was reduced and the SIP concentration was increased as a function of
180 treatment duration (Fig 4A-C). We then performed superinfection assays as before,
181 comparing rH3N2 superinfection frequencies between untreated and UV-irradiated rPR8
182 in MDCK cells. To fairly compare superinfection frequency between viral populations with
183  differing particle-to-infectivity ratios, we normalized our rPR8 infections based on
184  equivalent numbers of particles capable of expressing NA (NA-expressing units;
185  NAEU)(9).

186

187  We first examined the effect of UV treatment on superinfection when rPR8 and rH3N2
188  were added to cells simultaneously (Ohr). This was a critical control because UV treatment
189 can increase the measured incidence of co-infection independent of SIE effects, purely
190 by creating a larger pool of SIPs that only show up in our assays when complemented by
191 secondary infection(40). Consistent with this, we observed a small increase in co-infection
192  frequency with UV treatment when both viruses were added simultaneously (Fig 4D,E).
193 When rH3N2 was added 6 hours after rPR8 however, we observed a much more
194  pronounced increase in superinfection frequency with UV treatment, consistent with our
195 hypothesis that superinfection is regulated by the proportion of SIPs present within the
196  viral population (Fig 4D-F).

197

198 SIE is mediated by active IAV replication complexes, and is independent of gene
199 coding sequence

200 Our data reveal that IAV superinfection potential is determined by the number of viral
201 genes expressed within a cell, independent of their specific identity. This suggests that
202 the viral gene products themselves are dispensible for SIE. We thus hypothesized that
203 active replication and/or transcription of viral RNAs by the viral replicase complex is
204 responsible for decreasing cellular susceptibility to subsequent infection. To test this, we
205 co-transfected 293T cells with pDZ vectors encoding the individual viral replicase proteins
206 (PB2, PB1, PA, and NP) together with a pHH21 vector encoding either the HA vRNA gene
207 segment (HArna) Or @ VRNA-derived reporter gene segment in which the eGFP ORF is
208 flanked by the 5’ and 3’ UTR sequences from the NA segment (eGFP,rna). These UTR
209 sequences are required for replication and transcription of the reporter RNA by the viral
210 replicase. 24 hours post transfection, we infected cells with rH3N2 at an MOI of 0.2
211  TCID50/cell and measured infectivity at 8 hpi using an M2-specific mADb.
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213

214  Infection frequencies were decreased ~50% in cells expressing the replicase components
215  plus the eGFPrna construct, compared with control cells transfected with the replicase-
216  expressing constructs plus an empty pHH21 vector (Fig 5A). When comparing rH3N2
217  infectivity between co-transfected cells (eGFP+, HA+) and un-co-transfected cells (eGFP-,
218 HA-) within the same culture wells, the inhibitory effects mediated by eGFP,rna O HARNA
219  expression were comparable (Fig 5B,S4). Importantly, this effect was not seen when we
220 left out the plasmid encoding PA (RNPpa.) or used an eGFP reporter RNA that lacked the
221 viral UTR sequences (eGFPorr) (Fig 5A). Altogether, these data indicate that the
222 inhibition of infection requires both an intact replicase complex and an RNA template
223 containing the viral UTR sequences, but not the viral coding sequence.

224

225 Our data demonstrate that IAV SIE is mediated by the specific activity of viral replication
226 complexes. One potential explanation is that large amounts of recently-synthesized
227 negative sense VRNA within the cell might outcompete incoming genome segments for
228 replication and expression. To test this, we transfected 293T cells with a pHH21 vector
229 that overexpresses the eGFP.,rna segment, and measured susceptibility to rH3N2
230 infection 24 hours later using an NP-specific mAb. Compared to the empty vector control,
231  we observed no effect of eGFP,rna VRNA overexpression on cellular susceptibility to
232 infection (Fig 5C). Similarly, we observed no effect when we overexpressed the cRNA or
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233 vRNA forms of the HA gene segment, either individually or together (Fig 5C). Another
234  potential explanation is that viral mRNA or protein overexpression might inhibit
235 subsequent infection. To test this, we transfected 293T cells with pCl vectors that
236  overexpress mRNA and protein of eGFP and HA, and measured susceptibility to rH3N2
237 infection 24 hours post transfection using the M2-specific mAb. Compared to empty
238 vector control, mRNA/protein overexpression of eGFP or HA had no effect on the
239 following infection (Fig 5D, S5A, S5B). Altogether, these data demonstrate that IAV SIE
240 is driven by the presence of active viral replication complexes, rather than the protein or
241  nucleic acid products of viral genes processed by those complexes.
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Figure 5. Activity of viral replication complexes is responsible for the inhibition on subsequent infection, not those viral gene
products. (A) 293T cells were co+transfected with plasmids encoding the viral replicase complex proteins PB2, PB1, PA, and NP
(RNP), together with 1 pg of either empty pHH21 vector, pHH21::eGFPVRNA (eGFP ORF flanked with NA UTRs), or
pHH21::eGFPORF (eGFP ORF with no UTR sequence). Control cells were co-transfected with plasmids encoding the viral replicase
complex minus PA, which was replaced by empty vector (RNPPA-), together with 1 pg of pHH21::eGFPVRNA. 24 hours post-
transfection, cells were infected with rH3N2 at MOI=0.2 TCID50/cell. At 8 hpi, cells were harvested and assessed for rH3N2 infectivity
via flow cytometry. rH3N2 infectivity are normalized to RNP+vector. (B) Similar experiment in (A) with co-transfection of RNP plasmids
plus 1 pg of pHH21::eGFPVRNA or pHH21::HAVRNA. rH3N2 infectivity in co-transfected cells (eGFP+, HA+) are normalized to un-co-
transfected cells (€GFP-, HA-) within the same culture wells. (C) Similar experiment in (A) with transfection of empty pHH21 vector,
pHH21::eGFPVRNA, pHH21::HAVRNA, pHH21::HAcRNA, or pHH21::HAVRNA plus pHH21::HAcRNA. rH3N2 infectivity are normalized
to empty pHH21 vector. (D) Similar experiment in (A) with transfection of pCl vector, pCl::eGFPORF or pCl::HAORF. rH3N2 infectivity
in transfected cells (eGFP+, HA+) are normalized to un-transfected cells (eGFP-, HA-) within the same culture wells. Mean values
(n=2 cell culture wells) + standard deviations are shown.

243
244

245 Discussion

246  Superinfection plays an enormous role in influencing the outcome of IAV infection, both
247 by promoting reassortment and by facilitating the multiplicity reactivation of SIPs and
248  defective interferring particles (4). Despite this importance, the specific factors that govern
249 the occurrence of superinfection have remained obscure. Here, we reveal that IAV
250 superinfection susceptibility is directly regulated by the number of viral genes expressed
251 by a virion, regardless of their specific identity or function. This effect depends upon the
252  presence of active viral replication complexes, but not their nucleic acid or protein
253  products. Critically, we demonstrate that the presence of SIPs within viral populations
254  significantly increases the frequency of superinfection. This represents a completely novel
255 mechanism of viral superinfection exclusion and identifies a clear mechanistic
256  consequence of the enormous genomic heterogeneity within IAV populations.

257

258 The only other published study that examines IAV SIE in detail concluded that NA
259  expression mediates SIE by depleting the pool of available sialic acid receptors on the
260 cell surface(27). In this study, we directly quantified the contribution of NA expression to
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261  SIE during IAV infection, and found that the SIE effect of NA expression is actually
262  comparable to that of other viral genes and that overall genomic content is the primary
263  determinant of superinfection potential. The conclusions of the Huang et al. study were
264  based primarily on two observations: (7) overexpression of NA within cells rendered them
265 refractory to infection by an HA-pseudotyped virus, and (2), IAV superinfection only
266 occured when cells were treated with NA inhibitors (NAIs)(27). While we cannot
267  conclusively explain the discrepancies between the two studies, we can offer a couple of
268 plausible explanations. First, the cellular overexpression studies in Huang et al. likely
269 involved levels of cellular NA expression that are far beyond those seen during IAV
270 infection. In fact, we were also able to observe a similarly potent restriction of |AV infection
271  following plasmid-driven NA overexpression (data not shown); however, this result did not
272 reflect what we observed during viral infection (Fig 2). Second, the observation that NAI
273  treatment dramatically increases superinfection frequencies may be explained by the
274  effects of cell death. In their experiments, Huang et al. infected cells at a relatively high
275 MOI, did not block secondary spread of the virus within cultures, and assessed
276  superinfection frequency at 20 hpi or later. Under these conditions, many of the initially
277  infected cells will be dead or dying and thus lost from the analysis. This may be especially
278  true of superinfected cells, which will tend to be infected at a higher than average effective
279  MOI. Even under low MOI conditions, we had to limit the timeframe of our experiments
280 and block secondary spread of virus to prevent cell death from skewing our results. NAI
281 treatment may act to help preserve co-infected cells so that they are detected at the
282  endpoint of the experiment, thus increasing the measured superinfection rate.

283

284  Ourresults reveal that SIE is mediated by multiple IAV genes in a dose-dependent fashion.
285  The surprising irrelevance of the specific IAV gene segments involved is explained by our
286 finding that the viral coding sequence of a gene segment can be replaced with that of
287 eGFP without any loss of inhibitory effect. This suggests a direct role for viral replicase
288 activity itself in triggering SIE, rather than any effect of the viral gene segments
289 themselves. The specific mechanism by which the activity of viral replicase complexes
290 may inhibit subsequent infection remains unclear, however one potential explanation is
291 that viral replication complexes trigger a dose-dependent intrinisic host anti-viral response.
292 While our experiments in Vero cells demonstrate that the secretion of type | IFN is not
293 required for SIE, they do not preclude the involvement of type | IFN-independent
294  mechanisms. These could include either the type Ill IFN-mediated induction of anti-viral
295 effectors, or the engagement of completely IFN-independent anti-viral mechanisms(41—
296  43). Future studies are aimed at delineating the role of the host in the regulation of IAV
297  superinfection.

298

299  Our results demonstrate that SIPs can directly influence the prevalence of superinfection,
300 and thus potentially the frequency of reassortment. Fonville et al. used a similar UV
301 irradiation-based method as shown here to demonstrate that increasing the frequency of
302  SIPs within a viral popuation increases the overall reassortment rate(40). The explanation
303 given for this effect was that increasing the abundance of SIPs increases the proportion
304 of the viral population that depends upon co-infection to replicate. As a result, within a
305 certain MOI range, a greater share of productively infected cells will be co-infected and
306 subject to reassortment. In our study, we confirmed this effect by observing a slight
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307 increase in co-infection frequency with increasing UV dose when rPR8 and rH3N2 were
308 added simultaneously (Fig 4E). When we controlled for this however, we still observed a
309 significant increase in superinfection frequency as we increased the proportion of SIPs
310 through UV treatment (Fig 4D-F). Thus, the relationship between SIPs and SIE that we
311 describe here is completely independent of the increased multiplicity reactivation
312 observed by Fonville et al. and likely represents the effects of decreasing the strength of
313  SIE. Between these two studies, it is clear that SIPs can modulate the frequency of IAV
314  co-infection and reassortment though at least two distinct mechanisms.

315

316  IAV strains can differ significantly in the relative production and gene expression patterns
317 of SIPs(8,9). This raises the possibility that strains with distinct SIP production
318 phenotypes may differ in their reassortment potential, given the influence of SIPs over co-
319 infection and reassortment frequencies. If this is the case, it would suggest a significant
320 role for SIPs production in governing the evolutionary potential of IAV populations.

321

322  Therelationship between viral gene expression patterns and superinfection exclusion that
323 we report here demonstrates that viral genomic heterogenity has distinct functional
324  consequences during infection. A crucial implication is that all infected cells cannot be
325 thought of as equal, but may in fact exhibit distinct phenotypes based on the number and
326 identity of viral genome segments they harbor. The relationship between viral genomic
327 heterogeneity and the phenotypic diversity of infected cells likely extends to other cellular
328 features beyond superinfection susceptibility.

329

330 Itremains to be seen whether the relationship between viral gene dose and superinfection
331 susceptibility that we describe here exists for other segmented viruses besides IAV.
332 Beyond the segmented viruses, it has become increasingly clear that collective
333 interactions mediated by cellular co-infection significantly influence the replicative and
334  evolutionary dynamics of non-segmented viruses as well(44). More work is needed to
335 better understand the factors that govern co-infection for different virus families, both in
336  vitro and in vivo.

337

338 In summary, our work reveals a unique mechanism of IAV superinfection regulation that
339 is governed by viral genomic heterogeneity. Critically, we show that the abundance of
340 SIPs within a viral population directly influences the prevalence of superinfection;
341 suggesting that IAV strains may differ in their superinfection potential, and thus potential
342 for reassortment. This finding has significant consequences for understanding the
343 evolutionary potential of different IAV genotypes with varying SIP phenotypes. More
344  broadly, we demonstrate how genomic diversity within viral populations can have clear
345 functional consequences during infection.

346

347 Methods

348

349 Plasmids

350 The A/Puerto Rico/8/34 and A/Udorn/72 reverse genetics plasmids were generous gifts
351 from Dr. Adolfo Garcia-Sastre and Dr. Kanta Subbarao, respectively. The pCl vector wa
352 s graciously provided by Dr. Joanna Shisler. The pHH21::eGFP,rna (eGFP ORF flanked
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353 by the NA UTRs) was kindly gifted by Dr. Andrew Mehle. Generation of pHH21::HArnA
354 has been previously described(9). The following primer pairs were used to generate the
355 indicated constructs. pHH21::eGFPogrr (BsmBl): 5 CGTCTCCTATTTTACTTGTACAGC
356 TCG; 3 CGTCTCCGGGATGGTGAGCAAGGGC. pHH21::HARNA (BsmBI): CGTCTCA
357 TATTAGCAAAAGCAGG; 3’ CGTCTCAGGGAGTAGAAACAAGGG. pCl::eGFPorr (Eco
358 RI/Sall): 5 AGAATTCATGGTGAGCAAGG; 3AGTCGACTTACTTGTACAGC. pCl::HAor
359 ¢ (EcoRl/Sall): 5 AGAATTCATGGAAGATTTTGTGCG; 3 AGTCGACCTAACTCAATGC
360 ATGTGT.

361

362 Cells

363 Madin-Darby canine kidney (MDCK) and human embryonic kidney HEK293T (293T) cells
364 were maintained in Gibco’s minimal essential medium with GlutaMax (Life Technologies).
365 Vero cells were maintained in Dulbecco’s modified eagle medium (Life Technologies).
366 Human lung epithelial A549 cells were maintained in Gibco’s F-12 medium (Life
367 Technologies). MDCK, vero, and A549 cells were obtained from Dr. Jonathan Yewdell,
368  293T cells were obtained from Dr. Joanna Shisler. All media were supplemented with 8.3%
369 fetal bovine serum (Seradigm). Cells were grown at 37°C and 5% CO2.

370

371 Viruses

372  Recombinant A/Puerto Rico/8/1934 (rPR8) and rH3N2 viruses were generated using 8-
373  plasmid rescue systems. The rH3NZ2 virus is a reassortant with the HA and NA segments
374  from A/Udorn/72 (H3NZ2), the NS segment from A/California/04/09 (H1N1), and the other
375 5 segments from PR8. The rPR8 clones differ from the published sequence (GenBank
376  accession nos. AF389115-AF389122) at two positions: PB1 A549C (K175N) and HA
377 A651C (1207L) (numbering from initiating Met). Molecular clone-derived mutants (rPR8
378 NP:F346S and rPR8 NA:K239R) were generated using standard site-directed PCR
379 mutagenesis. All viruses were rescued by transfecting sub-confluent 293T cells with
380 500ng of each of the appropriate reverse genetics plasmids using JetPRIME (Polyplus)
381 according to the manufacturer’s instructions. Plaque isolates derived from rescue
382 supernatants were amplified into seed stocks in MDCK cells. Working stocks were
383 generated by infecting MDCK cells at an MOI of 0.0001 TCID50/cell with seed stock and
384 collecting and clarifying supernatants at 48 hpi. All viral growth was carried out in MEM
385 with 1 pg/mL trypsin treated with L-(tosylamido-2-phenyl) ethyl chloromethyl ketone
386 (TPCK-treated trypsin; Worthington), 1mM HEPES, and 100 pg/mL gentamicin. Virus
387 stocks were titered via standard tissue culture infectious dose 50 (TCID50) assay.

388

389 Superinfection assay

390 Forthe 6hr sequential infection group, confluent mammalian cells (MDCK, vero, A549, or
391  293T) in six-well plates were infected with rPR8 at MOI<0.3 TCID50/cell for 1 hour. 1 hour
392 post-adsorption, monolayers were washed with PBS and incubated in serum-containing
393 medium. At 3 hpi, neutralizing anti-PR8-HA mouse mAb H17-L2 (5 pg/mL) was added to
394  cultures to prevent spread of rPR8. At 6 hpi, monolayers were superinfected with rH3N2
395 at MOI<0.3 TCIDS0/cell in the presence of H17-L2 (which does not interfere with rH3N2
396 infection, Fig S2). 1 hour post-adsorption, monolayers were washed with PBS and
397 incubated in serum-containing medium with H17-L2. At 9 hpi of rPR8 (3 hpi of rH3N2),
398 the media was changed to MEM with 50 mM Hepes and 20 mM NH4CI to block spread

11


https://doi.org/10.1101/286070

bioRxiv preprint doi: https://doi.org/10.1101/286070; this version posted March 21, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

399 of both viruses. At 19 hpi of rPR8 (13 hpi of rH3N2), monolayers were trypsinized into
400 single-cell suspensions.

401

402  For the Ohr simultaneous infection group, cells were infected with a mixture of rPR8 and
403 rH3N2 at the same MOlIs as in 6hr superinfection group. At 3 hpi, the NH4Cl media was
404  added to block viral spread and cells were harvested at 19 hpi.

405

406 All cells were simultaneously fixed and permeabilized using foxP3 fix/perm buffer
407 (eBioscience). Fixed cells were stained with Alexa Fluor 488-conjugated mouse anti-H1
408 mAb H36-26 (which does not compete with H17-L2), Pacific Orange-conjugated mouse
409 anti-N1 mAb NA2-1C1, Pacific Blue-conjugated mouse anti-NS1 mAb NS1-1A7 and
410 Alexa Fluor 647-conjugated mouse anti-H3 mAb H14-A2 (All mAbs gifts of Dr. Jon
411  Yewdell). After staining, cells were washed, run on a BD LSR Il, and analyzed using
412  FlowdJo version 10.1 (Tree Star, Inc.).

413

414 Quantification of NA expression

415 H1+N1+ MDCK cells infected with rPR8WT, rPR8 NP:F346S, or rPR8 NA:K239R in the
416  superinfection assay (6hr group) were gated and histograms for NA expression were
417 plotted. The geometric mean fluorescence intensities (GMFI) for NA were determined
418  using FlowJo version 10.1 (Tree Star, Inc.).

419

420 UV treatment and analysis

421 rPR8 stocks were placed in six-well plates on ice (500 ul/well). Plates were placed 5 cm
422  underneath a 302nm UVP-57 handheld UV lamp (UVP) and irradiated for 30s or 60s.
423  TCID5O0 titers and single virion expression patterns of untreated and UV-treated virus
424  were determined on MDCK cells, and superinfection assays described above were
425 performed using these viruses and rH3N2.

426

427 Transfection assay

428 80% confluent 293T cells in six-well plates were transfected with the following plasmids
429 using jetPRIME (Polyplus): RNP (500 ng each of pDZ::PB2, pDZ::PB1, pDZ::PA, and
430 pDZ::NP) plus 1 ug of pHH21 vector; RNP plus 1 pg of pHH21::eGFPana (€GFPogr
431 flanked with NA UTRs); RNP plus 1 pg of pHH21::eGFPorr; RNP plus 1 pg of
432 pHH21::HArnA; RNPpa- (500 ng each of pDZ::PB2, pDZ::PB1, pDZ, and pDZ::NP) plus 1
433  pg of pHH21::eGFPygna; RNPpa-plus 1 pg of pHH21::HAgrna; 6 g of pHH21 vector; 3 ug
434  of pHH21 vector plus 3 pug of pHH21::eGFPrna; 3 pg of pHH21 vector plus 3 ug of
435 pHH21:HA\rNA; 3 pg of pHH21 vector plus 3 pg of pHH21:HAcrna; 3 pg of
436  pHH21::HArnA plus 3 pg of pHH21::HArNA; 3 ug Of the pCl vector; 3 ug of pCl::eGFPorgr;
437 3 pg of pCl::HAore. All plasmid-encoded viral sequences were derived from PR8. 24
438 hours post transfection, monolayers were infected with rH3N2 at an MOI of 0.2
439  TCID50/cell. At 8 hpi, cells transfected by RNP+pHH21 and pCl plasmids were harvested
440 and stained with Alexa Fluor 488-conjugated mouse anti-H1 mAb H36-26 and Alexa Fluor
441  647-conjugated mouse anti-M2 mAb O19. Cells transfected with pHH21 plasmids were
442  permeabilized, fixed and stained with Alexa Fluor 647-conjugated mouse anti-NP mAb
443  HB-65. After staining, cells were washed, run on a BD LSR Il, and virus infection
444  frequencies, as measured by fractions of M2+ or NP+ cells, were quantified using FlowJo
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445  version 10.1 (Tree Star, Inc.).

446

447  Statistical analysis

448  Unpaired, two-sided student’s t-tests were applied to the data shown in Fig 1B, Fig 2B,
449  Fig 3A, Fig 3B, and Fig 4F. An unpaired, two-sided Welch'’s t-test was applied to the data
450 shown in Fig 3D. All statistical analyses were performed with GraphPad Prism 7.0a.

451
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578

579 Figure Legends

580

581 Figure 1. A 6-hr delay between primary infection and superinfection allows robust
582 superinfection exclusion. The indicated mammalian cell lines were either
583 simultaneously (Ohr) or sequentially (6hr) infected with rPR8 and rH3N2 at MOI<0.3
584  TCID50/cell. (A) Representative FACS plots showing expression of H1 versus H3 within
585 MDCK cells. (B) H3+ frequencies within H1+ cells following simultaneous or sequential
586 infection, in the indicated cell lines. Values are calculated as the percentage of the mean
587  Ohr value, and are presented as the mean (n=3 cell culture wells) + standard deviations.
588  ***P<0.001; ****P<0.0001; t test.

589

590 Figure 2. Superinfection is more potently inhibited in NA positive cells,
591 independent of NA expression level. MDCK cells were infected with rPR8wr,
592  rPR8np:rasss Or rPR8nak239r, and simultaneously (Ohr) or sequentially (6hr) infected with
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593 rH3NZ; all infections at MOI<0.3 TCIDS0/cell. (A) Representative FACS plots comparing
594  H3+frequencies between H1+N1-and H1+N1+ cells. (B) H3+ frequencies within H1+N1-
595 and H1+N1+ cells following simultaneous (Ohr) or sequential (6hr) infection. Values are
596 calculated as the percentage of the mean Ohr value. (C) Comparison of NA expression
597 within H1+N1+ cells between rPR8wt, rPR8np.Frasss and PR8nakosor at 19 hpi. (D)
598 Comparison of H3+ frequencies within H1+N1- and H1+N1+ cells following sequential
599 infection (6hr) between the three indicated viruses. Values are normalized to H3+
600 frequencies in simultaneous infection (Ohr) controls. For data in Fig B and D, mean values
601 (n=3 cell culture wells) + standard deviations are shown. **P<0.01; ****P<0.0001; t test.
602

603 Figure 3. Superinfection is more frequent in cells that express fewer viral genes.
604 MDCK cells were infected with rPR8, and simultaneously (Ohr) or sequentially (6hr)
605 infected with rH3N2; all infections at MOI<0.3 TCID50/cell. (A) H3+ frequencies within
606 N1+H1- and N1+H1+ cells following simultaneous (Ohr) or sequential (6hr) infection.
607 Values are calculated as the percentage of the mean Ohr value. (B) H3+ frequencies
608  within H1+NS1- and H1+NS1+ cells following simultaneous (Ohr) or sequential (6hr)
609 infection. Values are calculated as the percentage of the mean Ohr value. (C) Comparison
610 of H3+ percentages between 8 cell populations gated based on the expression of the
611 indicated combinations of 3 PR8 gene products (HA, NA, NS1). Data represents the
612 values obtained from 6hr samples normalized to the values obtained from Ohr control
613 samples. Each data point represents the value for the indicated cell population within a
614  single cell culture well. (D) Data in C grouped by total numbers of expressed viral gene
615  products rather than their specific identity. **P<0.01; ***P<0.001; f test.

616

617 Figure 4. Superinfection is more common in viral populations that contain more
618 SIPs. rPR8 was irradiated with 302nm UV lamp for 30s or 60s. (A) TCID5O0 titers of
619 untreated (0s), 30s, and 60s UV-treated rPR8. Data from two independent experiments
620 are shown. (B) Representative FACS plots showing HA and NA expression patterns of
621 untreated (0s) and 60s UV-treated rPR8. (C) Quantification of HA/NA co-expression in
622 infected cells from (B). (D-F) MDCK cells were infected with untreated (Os), 30s, or 60s
623  UV-treated rPR8 at an MOI of 0.04 NAEU/cell, and simultaneously (Ohr) or sequentially
624  (6hr) infected with rH3N2 at MOI<0.3 TCIDS50/cell. (D) Representative FACS plots
625 showing expression of N1 versus H3 in cells infected with either untreated (0s) or 60s
626  UV-treated rPR8. (E) rH3N2 infection percentages within N1+ cells infected with either
627 untreated (0s), 30s, or 60s UV-treated rPR8. (F) Data from 6hr samples in E shown as %
628 of Ohr control samples. For Fig C, E, and F, mean values (n=3 cell culture wells) %
629 standard deviations are shown. **P<0.01; t test.

630

631 Figure 5. Activity of viral replication complexes is responsible for the inhibition on
632 subsequent infection, not those viral gene products. (A) 293T cells were co-
633 transfected with plasmids encoding the viral replicase complex proteins PB2, PB1, PA,
634 and NP (RNP), together with 1 ug of either empty pHH21 vector, pHH21::e GFP\rnA

635 (eGFP ORF flanked with NA UTRs), or pHH21::eGFPorr (eGFP ORF with no UTR
636 sequence). Control cells were co-transfected with plasmids encoding the viral replicase
637 complex minus PA, which was replaced by empty vector (RNPpa.), together with 1 ug of

638 pHH21::eGFP\rna. 24 hours post-transfection, cells were infected with rH3N2 at MOI=0.2
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639 TCID50/cell. At 8 hpi, cells were harvested and assessed for rH3N2 infectivity via flow
640 cytometry. rH3NZ2 infectivity are normalized to RNP+vector. (B) Similar experiment in (A)
641  with co-transfection of RNP plasmids plus 1 ug of pHH21::eGFPrna OF pHH21::HARNA.

642 rH3N2 infectivity in co-transfected cells (eGFP+, HA+) are normalized to un-co-
643 transfected cells (eGFP-, HA-) within the same culture wells. (C) Similar experimentin (A)
644 with transfection of empty pHH21 vector, pHH21:eGFP.rna, pHH21:HARNA,
645 pHH21::HA:rNA, Or pHH21::HARNA plus pHH21::HArNA. TH3NZ infectivity are normalized
646 to empty pHH21 vector. (D) Similar experiment in (A) with transfection of pCl vector,
647 pCl::eGFPogrr or pCl::HAorr. rH3N2 infectivity in transfected cells (eGFP+, HA+) are
648 normalized to un-transfected cells (eGFP-, HA-) within the same culture wells. Mean
649  values (n=2 cell culture wells) + standard deviations are shown.

650

651

652  Supporting information

653

654  Figure S1. Expression of HA, NA, and NS1 by rPR8 and rH3N2 can be differentiated
655 using specific mAbs. MDCK cells were infected with rPR8 or rH3N2 at an MOI<0.3
656  TCID50/cell. At 19 hpi, cells were harvested, fixed, permeabilized, stained against H1
657 (H36-26), N1 (NA2-1C1), NS1 (1A7), and H3 (H14-A2), and run on an LSR Il flow
658 cytometer. Expression of H1 versus N1, and NS1 versus H3 are shown in representative
659 FACS plots.

660

661 Figure S2. Superinfection is inhibited in multiple cell lines. H1 versus H3 expression
662 in Vero cells, A549 cells, and 293T cells observed in the experiments described in Fig 1
663 are shown in as representative FACS plots.

664

665 Figure S3. Gating scheme for measuring superinfection frequencies in cells that
666 express different rPR8 genes. Cells from the experiment described in Fig 3C,D were
667 assessed for expression of HA, NA and NS sequentially. The fractions of H3+ cells
668 (indicative of superinfection rates) were quantified and compared between each of the
669  eight cell populations with the indicated expression patterns.

670

671 Figure S4. Cells co-transfected with plasmids encoding viral replicase and viral
672 VvRNA are less susceptible to subsequent infection. Cells from the experiments
673 described in Fig 5A,B are assessed for expression of M2 (indicative of rH3N2 infection)
674 versus eGFP and HA (indicative of co-transfection) in representative FACS plots.

675

676 Figure S5. Overexpression of mRNA and protein does not inhibit subsequent
677 infection. (A) Cells from the experiment described in Fig 5D are assessed for expression
678 of M2 (indicative of rH3N2 infection) versus eGFP and HA (indicative of transfection) in
679 representative FACS plots. (B) rH3N2 infectivity in A are shown as % of pCl vector. Mean
680  values (n=2 cell culture wells) + standard deviations are shown.

681
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