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23 Abstract

24 Macrophages in the lung detect and respond to influenza A virus (IAV), determining the nature of
25  the immune response. Using terminal depth 5’-RNA sequencing (CAGE) we quantify

26  transcriptional activity of both host and pathogen over a 24-hour timecourse of IAV infection in
27  primary human monocyte-derived macrophages (MDM). We use a systems approach to describe
28  the transcriptional landscape of the host response to IAV contrasted with bacterial

29  lipopolysaccharide treated MDMs, observing a failure of IAV-treated MDMs to induce feedback
30 inhibitors of inflammation. Systematic comparison of host RNA sequences incorporated into viral
31  mRNA (“snatched”) against a complete survey of background RNA in the host cell enables an

32 unbiased quantification of over-represented features of snatched host RNAs. We detect

33 preferential snatching of RNAs associated with snRNA transcription and demonstrate that cap-
34  snatching avoids transcripts encoding host ribosomal proteins, which are required by IAV for

35  replication.

36
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37  Graphical Abstract
38  (A) Overview of bioinformatics pipeline. (B) Host gene expression reveals that human

39  macrophages exposed to IAV exhibit sustained production of key inflammatory mediators and

40  failure to induce expression of feedback inhibitors of inflammation. (C) Unbiased comparison with
41  total background RNA expression demonstrates that IAV cap-snatching has a strong preference
42  for, and aversion to, different groups of host transcripts.
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43 Introduction

44  Influenza A virus (IAV) infection is responsible for an estimated 500,000 deaths and up to 5 million
45  severe respiratory illness cases each year (WHO). The virus infects the respiratory tract, binding to
46  andinfiltrating the respiratory epithelium. The abundant macrophages of the airway and lung

47  interstitium detect and respond to the virus, determining both the nature and the magnitude of
48  theinnate and acquired immune response (Cline, Beck and Bianchini, 2017) and contributing to
49  inflammatory cytokine production outside the lung in severe IAV (Short et al., 2017).

50  Human monocyte-derived macrophages (MDM) can be infected with IAV, produce viral proteins
51 andrelease inflammatory cytokines in response to infection, thus they have been widely-studied
52 as an experimental model (Hoeve et al. 2012; Perrone et al. 2008; van Riel et al. 2011,

53 Monteerarat et al. 2010; Stasakova et al. 2005; Wang et al. 2012; Lee et al. 2009). In most

54  studies, infected macrophages have produced relatively small yields of infectious IAV, although

55  this has differed depending upon the virus strain and its virulence, and the cell population studied
56  (Perrone et al. 2008; Stasakova et al. 2005; Wang et al. 2012; Friesenhagen et al. 2012; Nicol and
57  Dutia 2014).

58 IAVis an RNA virus, containing 8 negative-sense segments that are transcribed and replicated in
59 the nucleus of the host cell. As an obligate intracellular parasite, 1AV is reliant on host cellular

60  machinery for replication. To accomplish mRNA production, the IAV polymerase binds directly to
61 the 5 7-methylguanylate cap of a nascent host RNA and cleaves it roughly 10-14 nucleotides

62  downstream. The snatched sequence, known as a “leader” sequence, is employed as a primer for
63 efficient transcription of the viral mRNA (Plotch et al., 1981) and provides the cap to viral mRNA to
64  facilitate translation by host ribosomes. Previous large-scale studies of this process (Gu et al.,

65  2015; Koppstein et al., 2015; Sikora et al., 2017, 2014) have produced evidence that host-derived

66  RNA caps are frequently snatched from non-coding RNAs, particularly small nuclear RNAs


https://doi.org/10.1101/670919
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/670919; this version posted June 17, 2019. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
under.aCC- ternational license.

67  (snRNAs), due to their high %ﬂl%lfance i Thfected Cefte" T s Ras led to the conclusion that cap-
68  snatching is not a selective process — that is, that host mRNAs are snatched at random (Sikora et
69 al., 2017; De Vlugt, Sikora and Pelchat, 2018). These previous RNA-Seq studies have detected

70  snatched leaders, but have been unable observe the complete pool of unsnatched sequences,

71  because of limited sequencing depth and resolution at the 5’ end, both of which are necessary to
72 accurately quantify the background distribution of each host transcript. The CAGE RNA sequencing
73  method captures both host and virus-derived transcripts and, importantly, does not require a PCR
74  amplification step, thus eliminating PCR bias.

75  Toovercome these limitations, we utilised cap analysis of gene expression (CAGE) to sequence

76  capped RNA from the primary MDMs of 4 human donors in vitro at 4 time points over the course
77  of a 24 hour, productive infection with IAV. This allows us to observe the transcriptional response
78  tolAV infection over time in unprecedented molecular detail. This work was carried out as part of
79  the FANTOMS consortium. Data are accessible through the FANTOMS5 ZENBU browser

80  (http://fantom.gsc.riken.jp/zenbu/) and the FANTOMS5 Table Extraction Tool

81  (http://fantom.gsc.riken.jp/5/tet/).

82  We employ a systems approach to identify key features of transcription during IAV infection in

83 MDMs. We previously used CAGE to quantify, transcript expression, promoter and enhancer

84  activity in human MDM and produced a detailed time course profiling their response to bacterial
85  lipopolysaccharide (LPS) (Baillie et al., 2017). As in our previous work, we use the principle of

86  coexpression to identify key biological processes (Forrest et al., 2014; Baillie et al., 2016), and

87  compare the response of MDMs to both IAV and LPS, revealing IAV-specific features of the host

88  response.

89 By comparing the sequences of the snatched population to the sequences of the total capped RNA
90  background, we have identified nucleotide sequence motifs associated with viral cap snatching

91 and, for the first time, motifs present in the background host mRNA population that are not
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92 snatched. Furthermore, wehave asagnegﬁfanscrlp{]l entl%y t6 leader sequences and observed

93  potential preferential snatching of transcripts encoding spliceosome components and avoidance

94  of transcripts encoding host ribosomes.

95 Results

96 Human MDMs support productive infection with IAV
97  After infection of MDMs from four different donors with influenza A/Udorn/72 (H3N2; hereafter,
98 1AV) at a multiplicity of infection (MOI) of 5(Figure S 1 A), some cells were positive for viral antigen
99  (IAV nucleoprotein) by immunofluorescence after 2 hours and the large majority after 7 hours.
100  This suggested that viral mRNA molecules were being transcribed and translated (Figure S 1 B).
101 RNA libraries were prepared from cells 0, 2, 7, and 24 hours post-infection and from two
102  uninfected-infected samples at 0 and 24 hours. Libraries were sequenced using HeliScope CAGE
103  as previously described (Forrest et al., 2014; Kanamori-Katayama et al., 2011). MDMs were
104  exposed to IAV for 1 hour before the culture medium was replaced with fresh medium lacking IAV
105  therefore the 0 hours post-IAV time point refers to cells harvested after the initial IAV exposure
106  and immediately prior to medium replacement. We confirmed a previous report (Hoeve et al.,
107  2012) that IAV-infected MDM cells released infectious virus (Figure S 1 C), albeit at low levels
108  compared to published results for A549 epithelial cells and with little evidence of cell death up to
109 7 hours (Figure S 1 D). Despite producing relatively little infectious virus, the majority of the IAV-
110  infected MDMs were lost after 24 hours.
111  Network analysis of the response to influenza virus infection in MDM
112 RNAllibraries were prepared from similarly infected cells at 0, 2, 7, and 24 hours post-infection
113 and from two uninfected samples at 0 and 24 hours. Libraries were sequenced using HeliScope
114  CAGE as previously described (Forrest et al., 2014; Kanamori-Katayama et al., 2011). Note that

115 MDMs were exposed to IAV for 1 hour before the culture medium was replaced with fresh
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medium lacking virus; therefore the 0 hours post-infection time point refers to cells harvested

after the initial IAV exposure and immediately prior to medium replacement. In addition,
expression profiles of the MDM at 24 hours likely reflect the remaining survivors of the IAV
infection, since dead cells were detached from the plates and were thus not lysed for RNA
extraction.

Network analysis of the response to IAV virus infection in MDM

Temporal changes in host cell transcription are likely to occur both in recognition of viral infection
and as a consequence of viral lifecycle progression. This study gave us the opportunity to observe
changes in transcription at 4 time points over 24 hours of IAV infection. We utilised the network
analytical tool, Graphia (Freeman et al., 2007), to identify sets of co-regulated transcripts in the
MDM response to IAV (Table S 1). For simplicity, we restricted the analysis to the dominant (most
frequently used) promoters (p1) and used averaged data from the 4 donors. We have
summarised the GO term enrichment and pathway enrichment in the 10 largest clusters using
GATHER (Chang and Nevins, 2006) (Table S 2) and Enrichr (Chen et al., 2013; Kuleshov et al.,
2016) (Table S 3) respectively.

Figure 1 A shows the sample-to-sample correlation graph for each of the averaged data sets.
Although there was a global alteration in gene expression that progressed with time, the profile at
7 hours remained correlated with the profiles in uninfected cells at both early and late time
points. This suggests that the virus did not cause a selective, or global, loss of expression of host-
related genes. In keeping with that conclusion, the largest cluster, Cluster 1, contained more than
4,500 genes (Figure 1 B) whose shared pattern was continuous induction across the time course
with particularly high expression at 24 hours. This cluster contained genes encoding the
interferon-responsive transcription factors, IRF1, 2, 4, 7, 8, and 9 and numerous known interferon-

responsive antiviral effector genes (e.g. APOBEC3G, RSAD2, DDX58, ISG15, MX1, OAS1, TRIM25).
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Figure 1. Network analysis of the co-expressed genes during IAV infection in MDMs demonstrates their

rapid response.

(A) Sample-to-sample network. A correlation coefficient of > 0.7 was used to include all samples in the network.

Analysis was restricted to the dominant promoters (p1) and data were averaged across the 4 donors. Blue —

uninfected; pink — infected; darker colours show later time points. (B) Gene-to-gene correlation profile of transcripts.

Network analysis identified the sets of co-regulated transcripts in the MDM response to IAV. Analysis was restricted

to the dominant promoters (p1) and data were averaged across the 4 donors. Lines represent connections at Pearson

correlation coefficient 2 0.94 and spheres represent genes (promoters). The clustering procedure used a relatively

coarse Markov clustering algorithm of 1.7 to avoid excessive cluster fragmentation. The four largest clusters, along

with their average expression profiles, are shown. Y axis in the expression profiles shows the expression level in tags
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155 per million (TPM). (C-F) Abundan@¥UfHIR RS Fo7 1148 [EPEBRA BTy (E) and CXCL2 (F) at the indicated time
156 points. y-axis shows expression in tags per million (TPM). (G) Differential gene expression analysis comparing

157 expression of transcripts in LPS- treated and IAV- treated monocyte derived MDMs. Transcripts with a relative log
158 fold change (log2FC) > 2 and a -logi0(FDR) > 3 are shown in red (higher in LPS treated) and blue (higher in IAV

159 infection). Genes with greatest difference in expression are labelled. Genes referenced in the text are shown in black.
160  (H) Comparison of the temporal response of genes between IAV- and LPS- treated MDMs. Expression (TPM) of

161 selected genes in LPS- treated (red) and IAV- infected (blue) human MDMs at 0, 2, 7, and 24 hours post treatment is
162 shown in tags per million (TPM). Solid lines show the mean expression of all donors (n = 3 for LPS, n = 4 for IAV).

163 Filled-in area shows standard deviation between donors.

164

165 intracellular transport (Table S 2, S 3), exemplified by multiple Golgi-associated genes (e.g.

166 GOLGA2, GOLPH3, GGA3), components of the coatamer complex (COPA, COPG) and secretory
167 components.

168  Clusters 3 and 4 had similar profiles to each other, differing only at the late time point of 24 hours,
169  and between them contained a set of rapidly-induced genes, including interferons IFNB1, IFNA1,
170  IFNA2, IFNAS8, IFNA14, IFNE and further known IFN-regulated targets such as IFl6, IFIT2,

171  IFITM3, IRG1, GBP1 and MNDA. The enrichment of these clusters also highlights induction of

172 genes involved in protein synthesis, including 46 ribosomal protein subunit genes and those

173  associated with the mitochondria, oxidative phosphorylation and ATP synthesis.

174  We observed that the response of MDMs to viral infection was immediate. IL1B was rapidly and
175  strongly induced by IAV at 0 hours (effectively 1 hour post virus addition) and peaked at 2 hours
176 (3 hours post virus addition) (Figure 1 C). Other early response genes that were detected early
177  after IAV exposure included those encoding immediate early transcription factors such as EGR1,
178  the proinflammatory cytokine TNFa and the neutrophil chemoattractant CXCL2 (Figure 1 D-F).
179  Comparative analysis of the response of MDMs to treatment with IAV and with LPS

180  The response of MDMs to IAV and LPS was compared at equivalent time points, uncovering some

181  common transcripts that were expressed in both treatments (Figure 1 H, top row). Transcripts
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induced specifically by LPS bu iﬁ%'% WJFI'K\?%O%ﬁ'é’?’é@%rgz?g%}%\'}cgﬁ?érentiaI expression analysis (Figure
1 G, Table S 4) and included classical inflammatory cytokines IL12B (although not IL12A) and IL6,
and the feedback regulator of inflammation, IL10 (Figure 1 H, central row; Figure S 2 A, B).
Conversely, induction of genes associated with interferon signalling was more substantial and
prolonged in IAV-treated MDM than those treated with LPS. 1AV induced IFNB1 mRNA some 10-
fold more than observed in response to LPS in MDM, and sustained this expression throughout
the time course (Figure 1 H, bottom row). 1AV also induced multiple IFNA genes (IFNA1, A2, A8,
Al4, A22, Figure S 2 C-E) and the type lll interferon genes, IFNL1 (aka IL28A) and IFNL2 (aka IL29),
which were not induced at all by LPS (Figure 1 H, bottom row; and Figure S 2 F).

Transcriptional activity of IAV in human MDMs

IAV mRNAs contain a conserved 12-base long 5’-adjacent non-coding region present in all 8
segments ('AGCAAAAGCAGG’) derived from template-dependent transcription of the viral
promoter (De Vlugt, Sikora and Pelchat, 2018). Possession of this sequence was therefore used to
identify viral transcripts. Similar to results seen elsewhere (Gu et al., 2015; Koppstein et al., 2015;
Sikora et al., 2014), the A at the 5’ end of the promoter was not always present and thus
sequences which contained the 11 nucleotide sequence ‘GCAAAAGCAGG’, referred to
subsequently as the IAV promoter, were brought forward for analysis. The IAV promoter is
present in all 8 viral mRNA segments and follows the host-derived leader sequence (Figure 2 A).
Overall, the relative proportion of IAV mRNA arising from each viral segment was remarkably
consistent across the 4 donors at each time point, demonstrating the coordinated nature of
transcription by IAV (Figure S 3 A). Published studies of A549 cells reported that, within 8 hours
post-exposure, >50% of total cellular mRNA was viral (Bercovich-Kinori et al., 2016). In contrast, in
the infected MDM capped IAV RNA constituted a relatively small proportion (4 -11%) of total
capped RNA in the cell even at the peak of viral replication (Figure S 3 B). The relative proportion

of IAV mRNA arising from each viral segment was remarkably consistent across the 4 donors at

10
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207  each time point (Figure S 3 &V%@kﬁﬁg%%ﬁgﬁgﬁhﬁ%@ﬂﬂa (STt f'ﬁg that transcription of each

208 segment is a highly controlled process (McCauley and Mahy, 1983). The relative proportions of the
209  viral transcripts encoding the polymerase segments (1, 2, 3, encoding PB2, PB1, and PA

210  respectively) peaked at the 0 hour post-infection time point (after 1 hour incubation with 1AV),

211  together with the detectable induction of host response genes observed above. Relative

212 expression of segment 8 (NS1/NS2) was highest at 2 hours. The late structural segment

213 transcripts (4, 6, 7, encoding HA, NA and M1/M2 respectively) peaked at 7 hours, towards the end
214  of the expected 6-8 hour viral life cycle. By 24 hours, the pattern was less defined, which may be a
215  consequence of mRNA decay or potential reinfection by the virus. In addition, reads plausibly

216  corresponding to the known mRNA3 splice variant transcript from segment 7 which utilises a

217  splice donor site at the 3’-boundary of the conserved promoter sequence (Lamb, Lai and Choppin,
218 1981) were also seen (Figure S 3 D). Similar sequences that potentially represent alternative splice
219  variant mRNAs were observed, most abundantly from segments 5 and 6 (Figure S 3 D, Table S 5). It
220  is unknown if these can be translated.

221  Characterisation of host leader sequences incorporated into viral capped RNA

222 We identified 4,575,918 unique leader sequences, heterogeneous in both sequence and length,
223 snatched from the host and incorporated into viral mMRNA. Of these leader sequences, 18.8%

224 (859,789) appeared more than once and 1.5% (69,443) appeared ten times or more across all

225  samples. This 1.5% of the most frequently occurring accounted for 53.6% of the total number of
226  snatched leaders. Thus, at least two populations of snatched sequences exist: those that were

227  heavily snatched as they occur multiple times, and those that were seemingly randomly snatched
228  asthey appear only once. Most (74%) of the leader sequences were between 10 and 14

229  nucleotides long (Figure 2 B). Contrary to previous reports (Koppstein et al., 2015; Sikora et al.,

230  2017), we observed no difference in leader lengths among different viral segments.

11
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231  We sought to determine whether there was over-representation of particular sequences, host

232 transcripts, or biological pathways among the total population of leader sequences. In order to
233 eliminate the risk of bias due to the different rates of successful mapping for sequences of

234  different lengths, we restricted our analysis to the first 10 bases of every CAGE tag (10mers)

235  meeting the abundance threshold of 1,000 tags across all examined samples in the dataset,

236  including both IAV and host sequences. The number of times a 10mer was followed by the IAV
237  promoter, i.e. incorporated into viral mRNA (“snatched”), was compared to the number of times a
238  10mer was not followed by an IAV promoter (“unsnatched”) using Fisher’s Exact test (FDR <0.05)
239  at each time point (see Methods). We uncovered patterns of significant over- and under-

240  representation for specific 10mers.

241  Enrichment of specific RNA motifs in the snatched and unsnatched sequence populations

242 Itis not known if the cap-snatching mechanism targets specific nucleic acid sequences. However,
243  leader sequences are known to commonly have ‘GCA’ at the interface between the host sequence
244 andthe IAV promoter (Rao, Yuan and Krug, 2003; Geerts-Dimitriadou, Goldbach and Kormelink,
245  2011) partially as a consequence of the “prime and realign” mechanism of IAV mRNA transcription
246  (Beaton and Krug, 1981; Geerts-Dimitriadou et al., 2011; Koppstein et al., 2015). More recently,
247  an‘AG’ at the 5’ end of the leader sequence has also been shown to be prevalent in snatched

248  sequences (Gu et al., 2015).

249  Our analysis of 10mers enables a statistically powerful comparison of snatched and unsnatched
250  sequences in which the position of sequence motifs can be compared without reference to

251  distance from the 5’ or 3’ ends. We used Pysster (Budach and Marsico, 2018) to train

252  convolutional neural networks using the sequence data to explore sequence and positional

253  features for pools of highly-significantly over-represented snatched and unsnatched 10mers (0.3
254  >=0OR>=3, -log(FDR < 10). This stringency was introduced to eliminate potential noise.

255  Optimisation experiments indicated that a kernel (sequence motif) length of 4 had relatively

12
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256  consistent recall and high preC|5|on FEF ANis dataser ([Egure geQﬁ. The snatched 10mers showed an

257  enrichment of two motifs, A[G/C][T/A][C/G] and the similar sequence AGNN, both beginning at
258  the first base (position 0) (Figure 2 C). These motifs were most apparent 2 hours post infection,
259  coinciding with levels of high transcription by the virus and are consistent with previous reports of
260  an ‘AG’ preference at the 5’ end of the leader (Gu et al., 2015).

261  The unsnatched 10mers also showed an enrichment of two distinct motifs, CTAG and

262  [T/CI[A/T][T/G/A]A, most evident at 7 hours post infection (Figure 2 D). While the CTAG motif was
263  unsnatched primarily when it began in the first position (position 0), there was also an association

264  between this motif at any position in the 10mer and unsnatched status. Similarly, the

Snatched Unsnatched
C Motifs found in preferentially snatched 10mers
A 2.0
Conserved IAV I Y e 300 n=631 300 n=721
promoter i s £10 20 5200
1 1 0.0 0 0 1 2 3 4 5 6 7 8 o o 1 2 3 4 5 6 7
g NNN..NNN GCAAAAGCAGG XXX 1 2 3 4 Sequence Position Sequence Position
in |_|_| |_|_. 2.0
. 1.5
Host-derived IAV mRNA i il " n=613 n=956
leader E 10 200
) 0.0 1 2 3 4 0

Sequence Posmon Sequence Posmon
B D Motifs found in preferentially unsnatched 10mers
2.0
Length of Leader Sequences 15 n=158 n=1131
0.25- Mean length 12.41 ] 1 200 ol
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—— Segment 2 1 fa 510 P} K}
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268 Figure 2. Motifs associated with snatched and unsnatched leader sequences

269 (A) Schematic showing the structure of the capped 5’ end of IAV mRNAs. (B) Length of leader sequences across

270 segments. Segments are coloured as shown in the legend. (C, D) The first ten nucleotides of each CAGE tag were
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extracted and the abundance of e%vcaflﬁl%%laﬁjgﬂ%reaacs 6Bc\|(a%e0dlr\1/\t/"|efmwa\‘)vgcse€8?f1pared to the background abundance by

Fisher’s Exact test (FDR < 0.05). Identification of motifs associated with snatched (B) and unsnatched (C) sequences.
Violin plots show the maximum activation distributions for snatched (S) and unsnatched (U) sequence categories in
arbitrary units. The four-nucleotide long motifs associated with each category are visualised as position weight
matrices. The positional enrichment of the four-nucleotide motifs across the 10mer sequences is shown. The number

of sequences is given as n above each bar chart.

[T/CI[A/T][T/G/A]A motif was preferentially avoided by cap snatching if it occurred at any position
within the 10mer. To our knowledge this is the first evidence for the avoidance of particular
sequences as priming leaders by the IAV polymerase.

Host genomic origin of over- and under-represented sequences

0Of 29,195 10mers, we assigned transcript identity to 12,992 (44.5%)(Methods) and of the named
10mers, 6,353 mapped to more than one transcript; for these, a single transcript was chosen at
random from the list of possible sites. 8,895 10mers had annotated host promoter/gene names
and did not contain IAV promoter-like sequences (Methods). The remainder are a mixture of
alternative host promoters, IncRNAs, eRNAs and other RNA species (Andersson et al., 2014). This
approach costs statistical power, but is necessary to avoid any bias that might be introduced into
the identification based on a quantitative measure, such as abundance. We repeated the Fisher’s
Exact analysis for all 10mers assigned to a gene name to provide summary data for that gene. The
1,000 most significantly enriched named genes in the snatched and not snatched sets are
reported in Table S 6.

A cap-snatching event can occur at any point after infection and before and RNA extraction from
the cells, therefore a more relevant background pool of host RNAs from which a given leader
could have been obtained may be the host RNA content at the preceding time point. Our dataset
allowed us to systematically compare every 10mer in infected cells against the background RNA in

the cell from the same time point, and also against the background RNA at a previous time point.
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297  Genes that met this strlngenat% PESROfa For at Teast To donore at all time points, are reported

298  with a description of their function in Table S 6.

299  Host transcriptional machinery is potentially targeted by the cap-snatching mechanism

300 Key spliceosome snRNAs (RNU1, RNU11, RNU12, RNU4ATAC, RNU5A, RNU5E, RNU5SF, RNU5D,

301  RNU?) and their variants/pseudogenes were high among the most significantly enriched named
302  genes. This is consistent with previous observations that snRNAs are snatched frequently and

303  shows that this may represent a true preference for these RNAs. In view of the preferential

304  snatching of multiple snRNAs, we considered whether specific classes of capped host RNAs might
305 betargeted. Of the RNA types we considered, only snRNAs were strongly preferentially snatched
306  (Figure S5A, B).

307  This sequencing method also allows the observation of histone mRNA which enabled us to

308 observe that 10mers corresponding to histone mRNAs were also significantly over-represented. In
309 addition, we observed that many host mRNAs encoding spliceosome- and transcription-

310  associated proteins (SRSF3, SRSF6, PRPF18, SNRNP25, SNRNP70, MAGOH) were preferentially

311 snatched. The 10mer corresponding to the transcript encoding the largest subunit of RNA

312  polymerase Il (POLR2A), was 5.83-fold over-represented in snatched sequences (OR = 5.83; FDR
313  <0.05). PABPN1, which encodes poly(A) binding protein, was also preferentially snatched (OR =
314  2.28; FDR <0.05). These comprise key elements of both transcription and polyadenylation of host
315 mRNAs. Taken together these observations imply that cap-snatching may interfere with regulation
316 of transcription and splicing in the infected cell. However, POLR2B, another subunit of RNA

317  polymerase Il, was 7.77-fold under-represented (OR = 0.13; FDR < 0.05) making it difficult to draw
318 simple conclusions. To rectify this, we performed gene set enrichment analysis to statistically

319 determine over- and under-represented pathways affected by the cap-snatching mechanism.

320 Pathway enrichment analysis indicates that specific ribosome-associated transcripts are avoided

321 by the cap-snatching mechanism
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322  Identified transcripts from afi time pom?s and donors were collated and gene set enrichment

323 analysis performed by querying various pathway/gene ontology datasets (listed in Table S 7).

324  Querying Reactome gave a single over-represented pathway: RNA Polymerase Il transcribes

B Highlighted Pathway: RNA Polymerase
A 350 transcribes snRNA genes

U nsnatched @< snRNA pathway members . ‘

© @ mRNA pathway members
300

250 -

Infectious disease p=0.0006, n=190
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log;o(OR)

325

326  Figure 3: Pathways that were enriched in snatched and unsnatched sequences.

327 (A) The 10 most under-represented pathways (negative enrichment score, blue) and single significantly over-

328 represented pathway (positive enrichment score, orange) in the Reactome 2016 database are shown. N represents
329 the number of genes associated with that pathway detectable in the dataset. p-values shown are Benjamini-

330 Hochberg FDR-adjusted p-values. (B) Volcano plot showing the significance as -logio(FDR) and odds ratio of snatched
331 versus unsnatched 10mers with members of the Reactome pathway ‘RNA Polymerase transcribes snRNA genes’

332 highlighted (snRNA, green diamonds, mRNA orange circles). (C) The same volcano plot as in (B) with members of the
333  Reactome pathway ‘Viral mRNA Translation’ highlighted (blue circles).

334

335
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336  snRNA genes (Figure 3 A). Avolcano p%%%lgﬁlf'g%' |ngafH%aH%Csetnrsl%ution of pathway members shows
337  that many mRNA pathway members were under-represented and the members of this pathway
338 that drive its enrichment as an over-represented pathway were predominantly snRNA transcripts
339  (Figure 3 B), particularly snRNA members of the minor spliceosome. This is consistent with the
340 observed preferential snatching of snRNAs. These transcripts were upregulated in IAV treated

341  MDMs compared to LPS treated MDMs (Figure S 5 C).

342  Pathway enrichment also allowed us to look for pathways that were avoided by the cap-snatching
343  mechanism. We identified pathways associated with translation and ribosome formation as

344  significantly under-represented in the cap-snatched pool (Figure 3 C). Although multiple pathways
345  were identified, these were not independent: these associations were largely driven by presence
346  of a group of transcripts encoding the same set of ribosomal proteins (Table S 7). These data

347  show that IAV avoids snatching caps from ribosomal mRNA transcripts. Interestingly, not all

348  mRNAs encoding ribosomal subunits were avoided. We compared our results to a recent study
349  reporting the effect of targeted knockdown of specific ribosomal subunit mRNAs in the context of
350 IAVinfection (Wei et al., 2019), but saw no clear relationship between cap-snatching preference
351 and viral protein production, host protein production, or antigen presentation.

352  The 10mers associated with the ribosomal protein transcripts in question, and their pseudogenes,
353  which are generally indistinguishable at the 10mer level, were extracted and aligned using Meme
354  (Bailey and Elkan, 1994). Amongst the analysed 10mers the most commonly observed motif was
355  CTCTT[T/C]C[T/C] (p < 0.05) (Figure S 5 D) originating at the first position. This is broadly in

356 agreement with our observation above that CTAG occurring at various positions within the 10mer

357 is unlikely to be snatched by IAV, regardless of abundance.

358 Discussion
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359  This comprehensive analysis"’“f)ailEI b(')es ng%r Vel hnéecm:t)i S evasts key features of host-pathogen
360 interaction at a molecular level. We demonstrate that IAV cap-snatching has a strong preference
361 for host transcripts associated with splicing and transcription, and avoids host ribosomal subunit
362  transcripts. By comparing against a canonical innate immune stimulus, LPS, we systematically
363 characterise the host response of human macrophages to IAV exposure.

364  Characteristics of MDM response to IAV

365 MDMs can be infected with IAV and produce both viral protein (NP) and infectious virus.

366  This initial permissiveness may be related to the fact that IFITM3, the protein product of which
367 restricts viral infection and is associated with IAV susceptibility (Everitt et al., 2012), was almost
368 completely down-regulated in MDM compared to the high level of expression in blood monocytes
369  (can be observed at http://fantom.gsc.riken.jp/zenbu/).

370  Wangetal. (Wang et al., 2012) discussed the possible cellular pattern receptors required for
371  recognition and response to IAV infection in MDMs. Of those candidates, mRNAs encoding RIG-I
372  (DDX58), MDA-5 (IFIH1) and TLR3 were expressed at very low levels in MDMs. In contrast, TLR7
373  was expressed at similar levels in MDM to the level in plasmacytoid dendritic cells

374  (http://fantom.gsc.riken.jp/zenbu/) and thus appears the most likely initial intracellular receptor
375 thatinitiates the response to viral nucleic acid.

376  Examination of co-expression clusters suggests that in MDMs IAV does not cause a selective or
377  global loss of transcription of host-related genes. The GO enrichment for the largest cluster

378  observed, Cluster 1 (Table S 2), included the ubiquitin-proteasome complex, oxidative

379  phosphorylation, cell cycle and transcriptional regulation including mRNA splicing and binding.
380 Together with the consistent similarity in global gene expression between uninfected and early
381  post-infection time point, this suggests that most basic cellular processes are maintained during

382 infection. In A549 cells, IAV infection causes cell cycle arrest (He et al., 2010), and down-

383  regulation of cell-cycle associated genes. Since MDM are not actively proliferative, the apparent
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induction by IAV infection of\ﬁ{laakrjml\e/ ucrg r@\?ccig}éll%{%ﬁngagoﬁglsl,icieﬁﬁuding the cyclin genes CCNA1,
CCNB1, CCND1, CCNE1, CCNE2 and CCNG2 and 19 genes encoding multiple cyclin-dependent
kinases (CDK) is unlikely to be associated with cellular proliferation.

The gene set induced by IAV infection likely includes many additional anti-viral effectors. For
example, the gene encoding BST2-tetherin, which inhibits the release of enveloped virus particles,
possibly including some strains of IAV (Gnirl8 et al., 2015) was induced by both LPS and IAV. A
neighbouring gene, MBV12A, shares a bidirectional promoter with BST2, a subunit of the ESCRT
complex, over-expression of which interferes with viral assembly in HIV-1 infected cells (Morita et
al., 2007). MBV12A was much more strongly induced by IAV than BST2 in MDM, and was only
marginally induced by LPS in the same cells. Similarly, expression of the antiviral effector RSAD2
(viperin) (Wang, Hinson and Cresswell, 2007; Gizzi et al., 2018) was induced at 2 and 7 hours.
Many other inducible genes in Cluster 1, including multiple members of the FOX, TRIM, CDK,

USP and MED families have been shown to be phosphorylated during the MDM in response to IAV
(Soderholm et al., 2016) and are implicated as antiviral effectors (Nyman et al., 2000; Ohman et
al., 2009).

A feature of Cluster 2 that is not evident from GO annotation, is the ablation within 7 hours of
transcripts encoding many cell surface receptors and signalling molecules with roles in innate
immunity, including CSF1R, C3AR1, C5AR1, CD4, CD14, MYD88, CD180, CD44, CD163, FCGR2A,
ILIORB, ITGAM, ITGAX, TLR1, TLR4, TLR8, TNFRSF1A, and TGFBR1.

Variation in host transcript expression between donors

Substantial variation amongst MDMs from different individuals was evident in most IFN-inducible
genes. Fairfax et al. (Fairfax et al., 2014) reported that up to 80% of inducible genes in human
monocytes responding inflammatory stimuli show evidence of heritable variation in their level of
expression. Since genetic variation between hosts alters risk of death from influenza (Horby et al.,

2012), and variants underlying inter-individual variation in IAV-induced gene expression are
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409  associated with human diseg\éaélas eéjﬂ% 'fSSéB(Iéé’ Ig%eg]ffiﬁﬁlﬂﬁ?sﬁie guantified variation in inducible

410  expression among the four donors in this study. The coefficient of variation for named genes at
411  each time point is provided in Table S 8. The antiviral IFITM3 and the neighbouring IFITM1 were
412  selectively inducible in Donor 3, albeit to low levels (Figure S 6 A, B). Fairfax et al. also found

413  trans-acting expression variants, likely involving autocrine IFNB1 signalling upstream of separate
414  regulons targeted by the transcription factors IRF7 and IRF9 (Hume and Freeman, 2014). One of
415  the four donors in our study, Donor 1 showed a more rapid induction of /IFNB1 in response to 1AV,
416  which preceded high IRF7 and IRF9 induction (Figure S 6 C, D). Conversely, cells from Donor 4 had
417  arelatively low IFNB1, IFNA1 and IRF9 induction in response to IAV, whereas IRF3 was relatively
418  stable throughout infection in all four donors (Figure S 6 E-G).

419  The comparison between the host response in IAV and LPS treated MDMs

420  Like LPS, IAV strongly induced TNFe, IL1B, multiple chemokine genes (e.g. CCL2, CCL3, CXCL1,

421  CXCL2, CCL20) and many genes for immediate early transcription factors (e.g. EGR family, FOS

422  family, JUN family, NR4A1, ATF3 etc.). However, the global gene-based analysis of the response of
423  MDM to IAV reveals a clear contrast to the LPS response in MDMs. In LPS-treated human MDMs
424  mRNA levels of proinflammatory genes are subject to control by a complex network of rapidly-
425  inducible feedback regulators including DUSP1, TNFAIP3, NFKBIA, ZC3H12C, PTGS2 and the

426  microRNA mIR-155 (Baillie et al., 2017). The sustained induction of proinflammatory transcripts in
427  response to IAV contrasts with this transient induction in response to LPS. Each of these feedback
428  regulators was induced to a lesser extent and/or much later in the response, by IAV compared to
429  LPS.

430  Unlike Hoeve et al, (Hoeve et al., 2012) we did not detect expression of transcripts encoding either
431  of the subunits of IL12 (/IL12A, IL12B), prior to the 24 hour sample, in MDM in response to IAV.
432  Following LPS treatment, MDM have low expression of IL12A (p35) (Figure S 2 B), instead inducing

433 IL23A and IL12B mRNA, which together encode the heterodimeric proinflammatory cytokine 1L23.
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434  These were not detected in ?)ﬁ'}?ﬂlmefg% e Cc% §.4' i'r%?fg?}l'\(?? |P'\'Ceerréseiivas no detectable induction of the

435  anti-inflammatory cytokine IL10 mRNA by IAV, in contrast to the massive and sustained induction
436 by LPS.

437  The type lll interferons were highly specific to IAV-treated MDMs. These were recently shown to
438  mediate a key mechanism preventing viral spread to the lower respiratory tract in mice

439  (Klinkhammer et al., 2018), which is believed to cause life-threatening disease in humans (Van Riel
440 etal., 2007). The sustained induction of IFN responsive genes (Cluster 1, see above) shows that
441  induction of IFN and IFN signalling is clearly not successfully prevented by the primary 1AV

442  interferon antagonist NS1in MDM, by contrast to the pattern observed in other cell types (Haye
443 et al., 2009; Jia et al., 2010; Thakar et al., 2013; Perez-Cidoncha et al., 2014). The observed

444  constraint on production of new virus may be attributed to the massive interferon response

445  (Cluster 1, see above), and down-regulation of synthesis of secreted proteins (Cluster 2, see

446  above). This profound difference in induction of IFN-responsive genes between LPS and IAV

447  stimulation is reflected in blood transcriptome profiles of patients with severe IAV compared to
448  those with bacterial sepsis (Ramilo et al., 2018).

449  Elimination of bias for accurate quantification of leader sequences and 5’ RNA ends

450  Our choice of sequencing methodology and analytical approach eliminated numerous sources of
451  bias that have limited the interpretation of previous studies of cap-snatching preference. A key
452  difference from previous work is the accurate quantification of background transcription, which
453  enables the first accurate quantification of the transcripts not snatched by IAV.

454  The HeliScope single molecule CAGE sequencing methodology has several key advantages. This
455  method sequences transcripts from the 5’ end without internal segment-specific primers, and
456  without PCR amplification (Kanamori-Katayama et al., 2011). In contrast, previous studies of IAV
457  virus transcripts used internal primers for the viral segments (Koppstein et al., 2015; Sikora et al.,

458  2017) or performed library amplification on cDNA derived from capped RNA (Gu et al., 2015).
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In addition, our use of termlna| 8 Pﬁ sequencing limits noise *and sampling error, in both the

snatched sequences and the background distribution. Since CAGE reads sequences directly from
the 5’ end, we can be confident that we have quantified the background pool of potential leader
sequences that were available to be snatched. By limiting our analysis to sequences of a specific
length (10mers), we eliminate bias that may occur due to differential mapping or identification of
sequences of different lengths.

Our timecourse design allows us to mitigate another potential source of bias. An unknown period
of time has passed between a cap-snatching event and RNA extraction from the cells. Therefore,
the relevant background pool of host RNAs from which a given leader could have been obtained is
the host RNA content at a previous time. We systematically compared every enriched sequence in
infected cells against the background RNA in the cell from the same time point, and against the
background RNA at a previous time point (Table S 6).

Host mRNA processing machinery is preferentially targeted by IAV cap-snatching

Non-coding RNAs, particularly snRNAs, have been identified as the source of the most frequently
snatched leader sequences (Gu et al., 2015; Koppstein et al., 2015). However, it was unclear
whether this frequency reflected their relatively high abundance or true over-representation of
this RNA type among leaders. Our use of terminal-depth sequencing of complete 5’ sequences,
combined with our focused analysis on 10mers, enables an unbiased, accurate quantification of

the abundance of each sequence in both the snatched, and unsnatched, sequence sets.

Differential expression analysis revealed that all snRNAs, apart from RNU1, were upregulated in
IAV treated MDMs compared to LPS (Figure S5 C). Notably, snRNA components of the minor
spliceosome (RNU11, RNU12, RNU4ATAC, RNU5A and RNU5E) were highly preferentially snatched,
particularly at 2 and 7 hours. In the FANTOMS5 dataset, the components of the minor spliceosome
were most expressed in the later time points of MDM infection with IAV (can be viewed in Zenbu

Browser). RNU6ATAC is the only snRNA component of the minor spliceosome we did not observe
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484  to be snatched, despite upré"éﬂlfgﬁgﬂd ruarclr?'gBi(AA\'PiIHtFéncqct{%nr?l. "FiS'mRNA is transcribed by RNA

485  polymerase Il (Singh and Reddy, 2006; Canella et al., 2010) leading to a different cap structure
486  which may not be recognised by the IAV polymerase (Koppstein et al., 2015). The minor

487  spliceosome splices <1% of introns in the human genome and its activity — and hence functional
488  expression of these splice variants — is regulated by RNU6ATAC and increased by signalling

489  through the p38MAP kinase pathway (Younis et al., 2013). The viral NS1 protein is known to

490 inhibit the formation of RNU12/RNU6ATAC complexes (Wang and Krug, 1998). Our results

491  suggest that IAV may have evolved more than one mechanism to suppress gene expression

492  through the minor spliceosome pathway.

493  RNA that codes for ribosomal subunits is avoided by IAV cap-snatching

494  Our comparison of LPS and IAV-treated cells shows that genes encoding ribosomal subunits are
495  highly differentially transcribed in IAV-treated cells. Therefore, if cap-snatching were primarily
496  determined by abundance, as previously thought (Sikora et al., 2017; De Vlugt, Sikora and Pelchat,
497  2018), we would expect to see leader sequences derived from ribosomal genes prominently

498  among the snatched sequences. Explorations of leader sequence analysis have focused on the
499  snatched population of sequences out of necessity. Our analysis allowed us to determine those
500 sequences that remained unsnatched in the host cell. Although we do see a minority of ribosomal
501  protein mRNA snatched, IAV cap-snatching exhibited a surprisingly strong avoidance of mRNAs
502  encoding ribosomal proteins, which is particularly evident in our pathway enrichment analysis.
503  Recent evidence shows that altering the relative abundance of particular protein subunits of the
504  ribosome can specifically affect the presentation of IAV encoded proteins by MHC-I (Wei et al.,
505  2019). This suggests the hypothesis that the virus has evolved to avoid inadvertently altering

506 ribosome abundance and/or composition in a manner would be deleterious to its own replication.

507 Limitations of this study
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508  Our study was limited to ongvgyﬂ?l%fﬂ%eéar\c one StrainoFIAVERESs to our knowledge the most

509  comprehensive systems-level evaluation of both host and viral transcriptional activity for IAV

510 replication, and the first study to perform an unbiased quantification of cap-snatching preference
511 compared with accurate measurement of background transcription. It is possible that the

512  observed enrichment of capped snRNA may be specific to MDMs. Given the high prevalence of
513  snRNAinthe IAV leader sequence population of HIN1 infected A549 cells in other studies (David
514  Koppstein, Ashour and Bartel, 2015; Gu, Glen R. Gallagher, et al., 2015), it is reasonable to

515  speculate that this mechanism is generalizable across IAV- infected cell types. Future work is

516 needed to explore the mechanisms underlying the preference and avoidance of specific mRNAs,

517 and to determine cap-snatching preferences of other IAV strains and in other cell types.

518 Conclusions

519  Our combined analysis of host and viral transcriptomes of |IAV-infected human MDMs and

520  comparison with the response to LPS reveals IAV-specific features of the host response. In

521  overview, we suggest that MDMs contribute to host defence against IAV in multiple ways. Firstly,
522  MDMs internalise virus and produce viral proteins, but they undergo cell death without

523  generating large numbers of progeny virus. These activities lead directly to viral clearance and
524  since MDMs are professional antigen-presenting cells, also promote presentation of viral antigens
525  toTcells. Secondly, in response to IAV, MDMs generate sustained high levels of multiple

526  interferons providing protection against infection of neighbouring cells, including incoming

527 inflammatory cells. On the other hand, the inability of IAV to induce feedback regulators such as
528  1L10 was associated with induction of proinflammatory cytokines that was transient in LPS-

529  stimulated cells but sustained in IAV-infected cells. This failure of feedback regulation may

530  contribute to pulmonary inflammation that is a feature of severe IAV pathology in a clinical setting
531 (Teijaro, 2014). Finally, many genes encoding surface receptors and signalling molecules required

532  for recognition and response to bacteria such as CD14 and TLR4 were down-regulated during IAV
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533 infection, which may |ncreaseas‘asecérb({ebaF%thollse%err\n g?’?/a SA&ial infections that produce

534  morbidity and mortality in IAV infected patients (Morris, Cleary and Clarke, 2017).

535  HeliScope CAGE at terminal depth allows for an unbiased observation of both IAV segment mRNA
536  and host-derived leader sequences in cap-snatching. Our comprehensive analysis of leader

537  sequences identified motifs that the IAV polymerase may favour and two others that it apparently
538  avoids during the snatching process. We discovered strongly preferential cap-snatching of host
539  sequences associated with splicing, with evidence of the avoidance of key cellular components
540  required for viral replication. These results hint at a mechanism of host evasion through which IAV
541  may downregulate RNA processing machinery through cap-snatching while specifically evading

542  altering translational machinery specifically required for the replication of the virus.

543 Materials and Methods

544  Ethics, cell culture, virus propagation and infections

545  Cells were isolated from fresh blood of volunteer donors under ethical approval from Lothian

546  Research Ethics Committee (11/AL/0168). Primary CD14* human monocytes were isolated from
547  whole blood as described previously (Irvine et al., 2009) from 4 human donors. Monocytes were
548  plated for 7 days in RPMI-1640 supplemented with 10% (vol/vol) FBS, 2 mM glutamine, 100 U/ml
549  penicillin, 100 pg/ml streptomycin (Sigma Co.), and 10* U/ml (100 ng/ml) recombinant human
550  colony-stimulating factor 1 (rhCSF1; a gift from Chiron, Emeryville, CA, USA) for differentiation into
551  macrophages. Cells were maintained at 37°C with 5% CO,. A/Udorn/72 (H3N2) was generated as
552  described previously (Hoeve et al., 2012). Differentiated macrophages were infected on day 8.
553  Cells were washed in serum free media after which they were infected at MOI 5 in a volume of
554 200yl infection media. Cells were incubated for 1 hour at 37°C then washed three times with

555  serum-free media and incubated in RPMI-1640 supplemented with 1ug/ml TPCK-trypsin, 0.7%

556  BSA, 2mM glutamine, 100 U/ml penicillin, 100 pg/ml streptomycin (Sigma Co.), and 10* U/ml (100
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557  ng/ml) rhCSF1. Samples we%a%%blllaeucnced st Flime points posetnlsr?fection/media change: 0 hour (1
558  hour after addition of the virus), 2 hours, 7 hours and 24 hours. Uninfected samples were also
559  collected at 0 and 24 hours. LPS treatments were carried out as described previously (Baillie et al.,
560 2017). Briefly, cells were treated with 10ng/ml bacterial lipopolysaccharide (LPS) from salmonella
561  Minnesota R595 and harvested at time points from 15 minutes to 48 hours after treatment. Only

562  time points with corresponding IAV treated time points were used in this analysis.

563  CAGE

564  RNA was extracted using the Qiagen miRNeasy mini kit (217004). RNA quality was assessed and
565  CAGE was performed as described previously (Takahashi et al., 2012) as part of the FANTOM5
566  project. Virus genome information is available in Table S 9.

567  Data Analysis

568  Computational analysis was performed using custom Python scripts and as described previously
569  (Forrest et al., 2014). Custom Python scripts are available at:

570  https://github.com/baillielab/influenza_cage.

571 Network Analysis of the MDM transcriptome during infection.

572  Network analysis of the MDM transcriptome during infection was carried out using Graphia

573  Professional (Kajeka Ltd., United Kingdom; http://www.kajeka.com) -formerly Biolayout Express=P.
574  Results were filtered to exclude any transcript where the maximum value across all samples did
575  notreach 10 tags per million (TPM). The sample-to-sample analysis was performed at a Pearson
576  correlation coefficient of 2 0.70. The gene-to-gene analysis was performed at a Pearson

577  correlation coefficient of > 0.94 and used a relatively coarse Markov cluster algorithm inflation
578  value of 1.7 to avoid excessive cluster fragmentation. We restricted the analysis to the dominant
579  promoters (p1) and used averaged data from the 4 donors.

580  EdgeR analysis of LPS treated versus IAV treated samples.
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581  Differential expression betwaé'%”r?bgl%rfjjsrsa&p gBeYn%% 'U\t/eeggag%neﬂ\%eénéel}sing the EdgeR package

582  (Robinson, McCarthy and Smyth, 2009) in R version 3.5.1. CAGE data for LPS and IAV datasets
583  were processed as described previously (Baillie et al., 2017). Briefly, for each treatment, the

584  expression value for each clustered transcription start site (CTSS) was compared to the expression
585  values of the corresponding time points from all other donors. Values deviating >3SD from the
586  mean of this pool were replaced with the average of the pool. An average expression value for
587  each CTSS from all donors was then calculated. CTSS with a minimum expression level of 10 tags
588  permillion in at least one comparable time point, and with a coefficient of variation > 0.5, were
589 included in expression analysis. Samples corresponding to 7 hours post-treatments were carried
590 forward for analysis. We used the gIlmFit function to fit the models and gImLRT to perform testing
591  between the LPS and IAV treated samples. Benjamini-Hochberg correction was applied to p-

592  values. Asignificance threshold of FDR < 0.05 was used.

593 Identification and analysis of IAV mRNA

594  Capped IAV RNAs were identified by the conserved 11 base promoter sequence expected to be in
595  all viral mRNA (‘GCAAAAGCAGG’), as described in the text. Sequences that contained the

596  promoter were classified as capped viral mRNA and aligned to the Udorn genome (Table S 9) using
597  custom Python scripts.

598  Unbiased analysis of leader sequence preference

599  The first ten nucleotides of each CAGE tag (10mers) that reached the abundance threshold in our
600  dataset were extracted and this set of unique 10mers were used in subsequent analysis. The

601 abundance threshold was set to 1,000 occurrences across all samples. To determine the 10mer
602  sequences that were over- and under-represented in the snatched population based on

603 background abundance, the number of times a 10mer was associated with the IAV promoter was
604  counted (“snatched”) along with the number of times the 10mer occurred without the promoter

605  (“unsnatched”). These were analysed using Fisher’s Exact test. Benjamini-Hochberg correction
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was applied to p-values. Sighiticance was determined Py an FDR < 0.05. The number of times a

10mer was snatched was compared to the number of times it occurred unsnatched at the
previous time point by Fisher’s Exact test.

Analysis of leader motifs using convolutional neural networks

A sub-set of 10mers that reached the following threshold: 0.3 < (OR) > 3, -log(FDR < 10) were
brought forward for analysis of motif preference using convolutional neural networks. We
optimised an existing network (Budach and Marsico, 2018) for our use by using altering the
parameters to find suitable setting by using the grid search to explore various kernel lengths (2, 3,
4, and 5) and drop rate (0, 0.1, and 0.5); for other parameters, we used the default settings of
Pysster (kernel number: 20, convolutional layer number: 2) apart from learning rate at 0.0001 and
patience, stopping at 100. Since our analysis was restricted to 10mers, we did not use the pooling
method. We randomly selected the training set and validation set in the proportion of 60% and
30% independently. The purpose of this experiment was to explore the existing data, not to make
predictions, so we reused the training data to explore the result. Optimisation experiments
demonstrated that a kernel length of 4 gave us relatively high, and relatively consistent, precision
and recall. We maximised the area under the receiver operator characteristic (ROC) and the area
under the precision recall curve. Motifs were considered if they reached a score of at least 50%
the maximum score for that time point.

Assignment of transcript identity to 10mer sequences

CAGE tags were mapped to the human reference genome (hg19) as described (Forrest et al.,
2014). To identify the possible transcription start site from which a 10mer arose, we extracted
every possible chromosomal location for a 10mer that met the abundance threshold of 1000
across all samples from the original alignment BAMfiles created as part of the Fantom5 project.
10mers containing a 6mer from within the IAV promoter (‘GCAAAA’, ‘CAAAAG’, ‘AAAAGC,

‘AAAGCA’, ‘AAGCAG’, ‘AGCAGG’) were removed. Reference transcription start sites were
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631  downloaded from Fantom5.*Fromoter ufen%lty was assigned irst using BEDtools 2.25.0 with a

632  window of +/- 5 bases and exact strand match only. For each possible promoter identity the

633  10mer was mapped to the genomic sequence with a window of +/- 5 bases directly surrounding
634  the coordinates of the assigned transcription start site and exact matches only were used to assign
635  promoter identity.

636 Inorder to avoid any effect of abundance that may bias transcript identification, for 10mers with
637  more than one possible promoter identity, a site was chosen at random from the list of possible
638  sites. Promoter names were converted to HGNC format. To determine over- and under-

639  representation of promoters and genes, all 10mers that were assigned to that promoter or gene
640  name were counted and the Fisher’s Exact test was performed. Benjamini-Hochberg FDRs were
641  calculated using the scipy.stats v 0.18.1 statsmodels.stats.multitest.mutlipletests function with
642  method = ‘fdr_bh’. Significance was determined by an FDR < 0.05. RNA type was assigned to gene
643  names using reference data downloaded from Biomart (http://www.ensembl.org). Only named
644  transcripts were assigned an RNA type.

645 Inorder to determine if a gene was significantly snatched compared to its abundance at the

646  previous time point, we compared snatched at t to unsnatched at t-1 for the collated values of all
647  10mers that were assigned that gene name in each sample separately. This was performed for
648  2hrs versus Ohrs, 7hrs versus 2hrs, and 24hrs versus 7hrs. A gene was declared ‘True’ if the

649  combined p-value for that gene was significant in 2 out 4 donors at that time point.

650  Pathway and Gene Set Enrichment Analysis

651  All named genes that appeared significant were included in this analysis. Gene names were

652  converted to HGNC format for consistency with gene set libraries, excluding unannotated peaks
653  and names with no HGNC equivalent. GO term assignment and pathway analysis for coexpression

654  clusters were performed using Enrichr (mp.pharm.mssm.edu/Enrichr) (Chen et al., 2013; Kuleshov

655 etal., 2016) and GATHER (Chang and Nevins, 2006). Pathway databases queried were: Reactome
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656 2016, KEGG 2016, WikiPathWays 5016 ahd GO MOIectiar FiAttion 2015, GO Cellular Component
657 2015 and GO Biological Process 2015. Gene Set Enrichment analysis on ranked cap-snatching

658  preference data was performed using R package FGSEA (Sergushichev, 2016), in R version 3.5.1,
659  with the following parameters: set.seed = 42, min set size = 5, max size = 5000, nproc = 1, nperm =
660  1000000. Gene set libraries KEGG 2016, BioCarta 2016, Reactome 2016, WikiPathways 2016, NCI
661 Nature 2016, GO Biological Process 2018, GO Molecular Function 2018, and GO Cellular

662  Component 2018 were used. Genes were ranked by -logio(p-value), and logio(OR). Benjamini-

663  Hochberg correction was applied to p-values.
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664 Supplementary methods

665  Immunofluorescence

666  Primary human monocyte derived macrophages were differentiated, as described above, on glass
667  coverslips. Cells were infected as described. At 0, 2, 7, and 24 hours post infection cells were fixed
668  for 20 min in 4% formaldehyde in PBS. After permeabilization with 0.2% Triton X-100 in PBS for 5
669  min at room temperature, cells were incubated with mouse monoclonal influenza A NP AASH

670  (BioRad) at 1:500. After 1 hour cells were washed three times with PBS and incubated with goat
671  anti-mouse Alexa Fluor 488 at 1:1000 (ThermoFisher). After 1 hour cells were washed three times
672  with PBS and incubated in DAPI (ThermoFisher) for ten minutes after which they were washed
673  three times with PBS and mounted on slides using VECTASHIELD® Antifade Mounting Medium.
674  Cells were viewed on a Leica fluorescence upright microscope and imaged using a Hamamatsu
675  Orca-ER low light mono camera. Scale bars were added using ImageJ.

676  Cell viability and Virus Titration

677  Cell viability was measured using Cell Titre Glo® at 0, 2, 7, and 24 hours post infection. Virus

678  produced was titrated by plaque assay on MDCK cells. Virus titres in cell supernatants were

679  determined by plaque titration using ten-fold serial dilutions of virus stocks. Confluent MDCK cells
680 in 6 well plates were inoculated with cell supernatant for 1 hour in serum-free medium. An

681  overlay (mixture of equal volume of DMEM and 2.4% Avicel (Sigma-Aldrich, UK) supplemented
682  with 1 pg/ml TPCK-treated trypsin and 0.14% BSA fraction V) was then put onto the wells. After
683 48 hours, cells were fixed using 3.5% formaldehyde and stained with 0.1% crystal violet. Virus
684 titres were calculated by plaque count*dilution factor/(volume of inoculum) and expressed as
685  plaque forming units per millilitre of supernatant (pfu/ml).

686 Identification of potential alternative splice variants
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CAGE tags containing a leader sequence an aniA promoter sequence followed by a sequence

that did not align proximal to the IAV promoter sequence in the Udorn genome were extracted.
These novel ‘promoter proximal’ sequences were hypothesised to be derived from putative 5’UTR
sequences internal to a segment arising from mRNA from splice variants. These sequences were
aligned throughout the Udorn genome using custom Python scripts. The abundance of each
sequence was divided by the number of locations in the Udorn genome it could map to. The
weighted abundances at each position were then summed and graphed. Segment 7 mRNA3 was
used as a proof of principle.

Determination of Coefficient of Variation Across 4 Donors

The expression profile of CTSS across all samples was extracted from the Fantom5 data in TPM
(tags per million). The coefficient of variation for each gene was calculated for each of the 6
treatments across the 4 donors (SD:Mean * 100). Gene names were assigned to CTSS by Bedtools
overlap with a window of +/- 5 bases using the hg19 annotation from Fantom5. Unnamed genes

were removed from the final list. Results were separated by treatment.
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702 Supplementary Results

703  Potential alternative splice variants

704  Spicing has been observed in segments 7 and 8 of IAV. In particular, in segment 7 the splice donor
705  site for the mRNA3/M3 transcript is found at the end of the promoter sequence (Lamb, Lai and
706  Choppin, 1981) . Over 400,000 reads contained the IAV promoter sequence and a leader

707  sequence, but did not originate from the genome sequence proximal to the promoter in any of
708  the 8 segments. The leader and promoter sequences were removed and the sequences aligned
709  throughout the Udorn genome. In order to quantify RNA expression at these loci, we summed the
710  weighted abundances of reads originating at the same position. This revealed 6,902 putative

711  capped IAV RNA sequences from the IAV genome, including the known splice variant of segment
712 7, the mRNA3 transcript (Figure S 3 D). The alignments observed (Table S 5) are likely to include
713 previously unidentified splice variants. However, in a systematic search, no putative IAV splice
714 variant RNA was preceded by a canonical major spliceosome acceptor site, apart from the mRNA3
715  transcript. It is possible these represent variants that are expressed in such low amounts they are
716  not detectable by other means, for example northern blot or radioactive primer extension. It is of
717  interest to determine if these putative mRNAs are true transcription products and if their

718  transcription and translation contributes to viral pathogenesis.

719

720
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721 Supplementary Figures and Tables:
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745 Figure S 1: Characterisation of human monocyte derived macrophages productively infected with IAV.

746 (A) Experimental outline. Blood was taken from 4 human donors, with appropriate ethical approval. CD14+

747 monocytes were extracted using magnetic beads and cultured in CSF1 for 8-10 days. MDMs were infected with

748  A/Udorn/72 (H3N2) at a multiplicity of infection of 5. At 4 time points (0, 2, 7, and 24 hours after medium change) the
749 cells were collected and RNA isolated. (B) Human MDMs were immunofluorescently stained for viral nucleoprotein to

750 confirm infection at 0, 2, 7, and 24 hours post infection. Scale bars 10um. (C) Viral titre was measured by plaque
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Cell viability was measured using Cell Titre Glo® at 0, 2, 7, and 24 hours post infection (n = 3 independent

experiments).
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756  Figure S 2: The transcriptional landscape between individual donors in response to IAV.

757 (A-B) Comparison of the temporal response of transcripts between IAV- and LPS- treated MDMs. Relative expression
758 of selected genes in LPS- treated (red) and IAV- infected (blue) human MDMs at 0, 2, 7, and 24 hours post treatment is
759 shown in tags per million (TPM). Solid lines show the mean expression of all donors, filled-in area shows standard
760 deviation between donors. (n = 3 for LPS, n = 4 for IAV). Filled-in area shows standard deviation between donors.
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Figure S 3: The amounts of IAV mﬂﬁi}glﬂﬁﬁé\deea 20ibsstE n"tﬁwqﬁ'%iwgglﬂi%%ﬁ%rs.
(A) The raw number of IAV promoter-containing CAGE tags were counted, separated by segment sequence (see
legend and below), shown alongside to those in the same sample that did not contain the viral promoter sequence

(black). (B) Frequency, as percentage, of IAV promoter- containing CAGE tags in each sample. (C) The relative

amount, compared to the total amount of viral mRNA, of mRNA from each viral segment was calculated for individual

donors at each of the four timepoints. Height of the bar represents the mean frequency between donors. Error bars

show standard deviation. (D) The positions of potential splice variant sequences aligned to the Udorn genome are

shown as adjusted abundance. The known mRNA3 splice variant in segment 7 is shown (blue arrow). Time points and

donors have been collated to increase signal.
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Figure S 4: Precision Recall and Receiver Operator Curves for convolutional neural network analysis of 4

nucleotide length motifs in 10mer datasets.

Models were trained and evaluated according to their receiver operating characteristic (ROC) area under the curve

and Precision Recall area under the curve. The values for total area under the curve (AUC) are given. Each of the four

time points was calculated independently.
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837 Figure S 5: The IAV polymerase does snatch based on RNA type

838 (A, B) RNA type was assigned to 10mers based on transcript identity. Only 10mers with transcript identity were

839 included. The significance of RNA type snatching was compared using ANOVA. RNA types were plotted against —

840 log10(FDR) for 10mers of that type. The box denotes the interquartile range. The within the box represents the

84

1 average and the whiskers represent standard deviation. The individual data-point for each 10mer is also plotted. The

842 number of 10mers attributed to each RNA type is given as n above the box. (C) Differential gene expression analysis

843 comparing expression of transcripts in LPS treated and IAV treated monocyte derived MDMs. Transcripts with a

844 relative log fold change (log,FC) > 3 and a -logio(FDR) > 5 are shown in red (higher in LPS treated) and blue (higher in

84

5 IAV infection). Components of the minor spliceosome are shown in green, while components of the major

846 spliceosome are shown in purple. (D) MEME analysis of 10mers taken from human gene sequences corresponding to

847  the first ten nucleotides of ribosomal protein mRNAs.
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Figure S 6: Variation in expression of interferon related genes between donors.

Expression of the named genes at each of the four time points (0, 2, 7, and 24 hours post infection) was compared
between donors (n=4). Expression is given in arbitrary units (A.U). Lines represent individual donors, as shown in

legend.
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Supplementary Table Legends

Table S 1: Clustering of transcripts expressed in IAV- infected MDMs.

Analysis was restricted to the dominant promoters (p1) and used averaged data from the 4
donors. A Pearson correlation coefficient threshold of 0.94 and an MCL of 1.7 was used.

Table S 2: GO term enrichment of the top 10 clusters.

Analysis was performed using GATHER (Chang and Nevins, 2006).

Table S 3: Enrichr analysis of the top 10 clusters.

All results shown reach the threshold FDR < 0.5. Databases queried were Reactome 2016, KEGG
2016, and Wikipathways2016 (Kuleshov et al., 2016) .

Table S 4: Differential expression analysis of LPS- and IAV- treated MDM:s.

Analysis was performed using edgeR. All transcripts with a -logx(Fold Difference) >= 1 are shown.
Table S 5: mRNA sequences for putative splice variants.

Table S 6:The most significantly and consistently snatched and unsnatched genes.

All results shown reach the threshold FDR < 0.5.

Table S 7: Fast preranked gene set enrichment analysis (FGSEA) of under- and over- represented
10mers.

Table S 8: Coefficient of variation for named genes at each time point.

The coefficient of variation for named genes. Expression at CTSS were compared across donors
(n=4) and annotated using publicly available Fantom5 annotation.

Table S 9: Details of Udorn sequences used to assign identity to segments.

Provided in Fasta format.
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