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There are numerous factors that direct and constrain influenza evolution. On the one

hand influenza virus is constrained to encode proteins that allow it to complete the viral

life cycle, but the immune system also recognizes those same viral proteins to mount an

immune response. The interplay between selection for viral propagation and escape from

immunity shapes the rapid evolution of influenza virus.

In Chapter 2, I explore one of the immune pressures that drives influenza evolution. It

is well known that antibodies are a driver of the rapid evolution of influenza. However, it

was unknown whether CD8 T-cells, which are also a component of adaptive immunity to

influenza, also shape influenza evolution. There is experimental support that CD8 T-cells

help control influenza infection and there are even documented instances of mutations

that confer escape from CD8 T-cells. However, conventional tests of selection consistently

fail to find evidence that CD8 T-cells drive influenza evolution. Since CD8 T-cells tend to

be found in regions that are fairly conserved in influenza, I hypothesized that CD8 T-cells

are a selective pressure but that functional constraint masked our ability to detect such

selection by conventional means. I therefore employed two novel statistical methods that

have increased sensitivity to detect selection in influenza. I leveraged the existence of

parallel lineages of influenza that infect different hosts with varying immune pressures

to examine whether CD8 T-cells drive influenza evolution. I find statistical support that



that one influenza protein, nucleoprotein, is under selective pressure to evade the CD8

T-cell response. This means that the role of CD8 T-cells is sufficiently strong to shape the

evolutionary trajectory of influenza virus. There is strong interest in generating vaccines

with broad responses to influenza. Since T-cells are capable of eliciting broad responses,

the finding that the biological role of T-cells is strong enough to shape influenza evolution

validates the use of T-cells in the development of broad-acting vaccines.

In Chapter 3, I explore translation initiation in the context of influenza virus infection.

Because CD8 T-cells shape influenza evolution and non-canonical translation initiation

can generate novel CD8 T-cell epitopes, I examined whether there was an evolutionary

signature consistent with selection against alternate translation initiation in influenza virus.

I find evolutionary support that is consistent with selection against alternate translation

initiation of CTG codons in mammalian lineages of influenza. I then performed ribosome

profiling, a deep sequencing technique that enables capture of ribosome protected frag-

ments, to annotate sites of translation initiation in the influenza genome. I did not find

evidence of CTG initiation in the influenza viral genome, but I did find a small number of

alternate translation initiation sites at ATG codons in the influenza viral genome. One of

these alternate initiation sites generates an N-terminally truncated form of neuraminidase

(NA), the influenza protein that mediates viral egress. This N-terminally truncated NA

lacks the first fourteen amino acids, but is enzymatically active, supports viral growth, and

is broadly conserved in the N1 lineage. In the Discussion, I speculate about the possible

discordance of the evolutionary results and ribosome profiling data. Overall, this work in-

creases our understanding of the range of viral proteins that are generated in the compact

influenza genome and uncovers new evolutionary signatures of influenza virus.
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Chapter 1

INTRODUCTION

In this Introduction, I begin by providing background on influenza virus. I then provide

background relevant to Chapter 2 by introducing the experimental evidence for the role

that CD8 T-cells have during influenza infection. Based on the results in Chapter 2 where

I find that CD8 T-cells shape influenza evolution, I examine the extent and impact of protein

products produced by influenza virus in Chapter 3. I provide more in depth background

on the methods by which influenza increases the coding capacity of its genome and how

alternately initiated protein products could be deleterious to influenza if they serve as T-

cell epitopes. I also provide background on the experimental method that I use to annotate

sites of translation initiation in influenza virus.

1.1 Introduction to influenza A virus

1.1.1 Influenza ecology and epidemiology

Influenza A virus (referred to here as influenza virus) is a member of the Orthomyxoviri-

dae family [56]. The natural reservoir of influenza is wild waterfowl, but influenza infects

a wide host range including humans, pigs, dogs, horses, marine mammals, cats, and

bats [217, 204]. Influenza viruses cause annual epidemics and occasional pandemics

in humans. Influenza epidemics infect up to 10 % of the population each year, causing

approximately three to five million cases of severe illness and resulting in approximately

250,000 to 500,000 deaths (http://www.who.int/immunization/topics/influenza/en/). In

contrast to epidemics which are characterized by viruses that have undergone slight anti-
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genic evolution (antigenic drift), pandemics occur when a highly diverged virus enters the

human population from an animal reservoir (antigenic shift). Influenza pandemics can

result in a very high burden of morbidity and mortality, as pre-existing immunity to the

antigenically shifted virus is low. Influenza virus remains a major issue in public health,

underscoring the importance of influenza research.

1.1.2 Influenza genome structure

Influenza virus is a segmented single stranded negative-sense RNA virus. The influenza

viral genome is approximately 12 kilobases in size and consists of eight segments [56].

The eight viral RNA segments encode at least ten functional viral proteins: polymerase

basic protein 2 (PB2), polymerase basic protein 1 (PB1), polymerase acidic protein (PA),

hemagglutinin (HA), nucleoprotein (NP), neuraminidase (NA), matrix 1 (M1), matrix 2

(M2), non-structural protein 1 (NS1), and non-structural protein 2 (NS2) [56]. Influenza

NP encapsidates influenza gene segments, and the encapsidated segments also asso-

ciate with the other components of the polymerase complex (PA, PB1, and PB2) to form

ribonucleoprotein (RNP) complexes [233]. NP is also involved in viral genome packaging

during virion formation [233]. The polymerase proteins carry out viral genome replication

(production of vRNA) and transcription of mRNA [56, 57]. NS2 mediates nuclear export

of viral RNP complexes [151]. NS1 has been ascribed numerous roles, mainly involving

antagonism of the host immune response [77]. The viral envelope is comprised of an

outer host derived lipid bilayer containing the viral surface proteins HA and NA [56]. HA

mediates viral entry and NA mediates viral egress from host cells [56]. Under the viral

envelope, M1 forms a matrix structure that forms the basis for the virion shape, and in-

teracts with the vRNP complexes during viral packaging [141]. M2 is an ion channel that

facilitates viral entry into the cytoplasm through acidification of the virion [156].
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1.1.3 Influenza virus replication

Influenza virus replication begins with the virus attaching to the host cell by binding the

host receptor sialic acid [185]. Following binding, the influenza virion is internalized into

the host cell by receptor mediated endocytosis [185]. The low pH of the endosome triggers

fusion of the viral membrane to the host endosomal membrane [185]. This occurs through

a series of conformational changes in HA, which result in the fusion peptide of HA being

inserted into the endosomal membrane [185]. Subsequently, M2 mediates an influx of H+

into the virion, thus lowering the pH of the virion [185, 156]. The lowered pH releases the

RNPs from M1, allowing vRNPs to enter the cytoplasm.

Influenza virus transcription and replication occurs in the nucleus. Therefore, following

entry of vRNPs into the cytoplasm, vRNPs enter the nucleus. The proteins of the vRNP

complex contain nuclear localization signals, allowing nuclear entry [54].

The negative sense genome of influenza virus is complementary to viral mRNA, so

genomic RNA has to be transcribed to generate viral mRNA. Viral transcription is initiated

in cis by the polymerase that is a component of the vRNP [58, 57]. Viral transcription

is primed by host mRNA derived 5’ methylated caps. This occurs by PB2 binding host

pre-mRNA and PA subsequently cleaving the 5’ cap [45]. Transcription of vRNA pro-

ceeds until a short stretch of U residues which functions as a signal for polyadenylation is

reached [170]. The viral polymerase stutters on the stretch of U residues, and generates

the polyA tail [157]. Splicing of the viral M and NS transcripts is accomplished by cellular

machinery. Viral transcripts are subsequently exported from the nucleus for translation.

Unlike viral replication which proceeds late into viral infection, viral transcription peaks

earlier in the viral replication cycle [16].

Viral replication has two steps: generation of complementary RNA (cRNA) by repli-

cation of genomic vRNA, and subsequent generation of vRNA using cRNA as a tem-

plate [57]. Viral replication does not require a primer and is thought to occur in trans by a

viral polymerase complex that is distinct from the polymerase present in the vRNP com-
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plex [38]. Encapsidation of cRNA and vRNA with NP occurs co-transcriptionally, resulting

in the formation of cRNP and vRNPs. Following viral replication, progeny vRNPs are se-

lectively exported, while cRNPs are restricted to the nucleus [57]. NS2 facilitates nuclear

export [154].

The last step of influenza virus replication is viral budding. Virus particles bud from

the apical plasma membrane of polarized cells [172, 141]. HA, NA, and M2 are trans-

ported to the plasma membrane and localize to lipid raft domains [172, 141]. M2 facili-

tates formation of viral particles [141]. While packaging of viral segments into the virion

is incompletely understood, portions of the 3’ and 5’ ends of vRNA serve as packaging

signals [87]. M1 helps close the viral particle. The viral particle is then released from the

cell by cleavage of host sialic acid by NA [172].

1.2 CD8 T-cells and influenza

1.2.1 Adaptive immunity to influenza

The specific nature of the adaptive immune response (comprised of humoral and cellular

immunity) requires time to develop when encountering a pathogen for the first time. As

a result, the adaptive immune response has an enhanced role in subsequent encounters

with a pathogen.

Both arms of the adaptive immune system help control influenza virus replication.

The humoral response, through influenza specific antibodies, neutralizes virus [104] and

facilitates removal of infected cells [98]. Cellular immunity is comprised of CD4 and

CD8 T-cells. T-cells recognize viral antigen on cells through interactions of their T-cell

receptors with viral peptides presented on MHC molecules. CD4 cells help regulate the

immune response [30], while CD8+ T cells kill infected cells that display viral peptides on

their major histocompatibility complex (MHC) class I molecules [208, 169]. In contrast to

antibodies which often target the rapidly evolving HA [211, 36, 39], T cells can provide

broader protection against diverse strains since they tend to recognize epitopes in more
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conserved internal viral proteins such as nucleoprotein (NP) and matrix protein (M1) [208,

169, 228, 79].

1.2.2 Evidence for protective role of CD8 T-cells

CD8 T-cells facilitate viral clearance during influenza infections. Naiive CD8 T-cells present

in the draining lymph nodes are activated when they encounter viral epitopes presented

on the MHC class I molecules of antigen presenting cells. Subsequently the activated

CD8 T-cells differentiate into cytotoxic T-cells (CTL). CTL cells migrate to sites of infection

and engage in a lytic response to promote clearance of infected cells and halt propagation

of viral production [188]. Following resolution of infection, long-lived memory CD8 T-cells

develop, enabling rapid responses to subsequent exposures to antigen [188].

Both experimental [75, 115, 111, 202, 136] and epidemiological studies [136, 79, 189].

provide evidence that pre-existing influenza specific CTL responses are protective. For

example, in an experimental infection of human subjects, the magnitude of lytic activity

of PBMCs was found to be inversely correlated with viral shedding [136]. A study from

the 2009 H1N1 pandemic found that the presence of influenza specific CD8 T-cells cor-

related with decreased disease severity [189]. Furthermore, CD8 T-cell responses were

correlated with recovery from severe H7N9 infection [216]. Similarly, T cells specific for

NP were associated with a decreased incidence of symptomatic infection over a multiyear

study of a large human cohort [79]. Overall, these studies implicate an important role for

CTL responses in controlling influenza infection.

1.2.3 Examples of escape from T-cell immunity

Viruses utilize numerous strategies to evade recognition by T-cells. These immune eva-

sion strategies can either globally affect antigen processing or they can alter just a partic-

ular epitope. Viruses can encode proteins that directly antagonize a step of of the antigen

processing or presentation pathway [150]. This strategy is often employed by viruses with
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large genomes such as HCMV [150]. However, influenza does not encode any direct

antagonists of the antigen processing pathway.

The second way viruses can escape T-cells is through abrogation of the epitope it-

self. This can occur by accumulation of mutations outside of the epitope that altering

processing of the protein so that an epitope is no longer produced, mutations in the an-

chor residues of the epitope that abrogate binding to the MHC molecule, or mutations

in the TCR contact residues of epitope that ablate binding of a TCR to an MHC epitope

complex. This type of escape has been documented for viruses that chronically infect

humans such as HIV and HCMV [150].

There is evidence that influenza can accumulate T-cell escape mutations by mutation

of anchor residues and TCR contact residues. These escape mutations occurred in and

became fixed in the human H3N2 lineage of NP. An example of a mutation in an anchor

residue of an epitope is the R384G substitution. This mutation fixed in 1993 [213]. There

are three examples of escape by mutation of TCR contact residues: D421E/I425V mu-

tations that fixed in 1979 [22, 23], K103R mutation that fixed in 1980 [15], and S259L

mutation that fixed in 1990 [15]. T-cell escape has also been documented during a sin-

gle infection in an immunocompromised setting. In a mouse study, viral mutations arose

that conferred T-cell escape in RAG-1-deficient mice expressing an influenza virus NP-

specific T-cell receptor (TCR) [160]. CD8 T-cell escape mutations also arose in a per-

sistently influenza-infected infant [208]. These studies demonstrate that influenza virus

accumulates substitutions that escape CD8 T cells.

1.2.4 Do CD8 T-cells exert selective pressure on human influenza?

Since influenza virus infects humans numerous times over their lifespan, influenza virus

may be under pressure to escape from T-cell immunity. While it is well appreciated that

the antibody response is a driver of influenza evolution [186, 26], the role of T-cells as

a selective force is largely unknown. So even while there are documented instances of
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T-cell escape, these instances do not indicate that T-cells are a selective force, as these

mutations could also have arisen by chance. Therefore, in Chapter 2 I explore whether

CD8 T-cells are a selective pressure on influenza. Addressing this question increases our

understanding of the breadth of forces that act on influenza evolution and has implications

for vaccine design.

1.3 Translation initiation in the setting of viral infection

Protein translation is a dynamic process that occurs in three stages: translation initiation,

translation elongation, and translation termination. Viral infection and the resulting anti-

viral response of infected cells are a cellular stress that alter all stages of translation.

1.3.1 Methods for increasing peptide diversity in viruses

Viruses are required to encode the necessary proteins to successfully complete viral repli-

cation in a compact genome. Viruses utilize a number of clever strategies to accomplish

this. Influenza increases protein coding capacity of its genome through use of alternative

splicing, ribosomal frameshifting, and alternate translation initiation.

Influenza contains two genes that can be alternatively spliced: NS and M. The NS seg-

ment generates unspliced NS1 and spliced NS2 transcripts. The M segment generates

up to four transcripts: M1 is unspliced, and M2 M3, and M4 are spliced [182, 117, 89].

M1 and M2 generate canonical influenza proteins. M3 has no observed protein products.

M4 is present in a small number of viral strains, as the splice donor site is poorly con-

served [221]. Initiation of the M4 transcript can generate a protein called M42, which can

functionally complement the ion channel M2 [221].

Influenza also utilizes ribosomal frameshifting to increase coding diversity. Specifically,

influenza encodes PA-X by ribosomal frameshifting on the PA segment [96]. This occurs

when the ribosome encounters a rare amino acid, causing the ribosome to sometimes

shift into the +1 reading frame. PA-X contains the same endonuclease domain present
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in PA . In PA, this enables snatching of host mRNA caps, however the unique c-terminus

of PA-X enables differential localization such that PA-X nonspecifically cleaves host pol II

generated mRNAs, thus blunting the host response to infection [96, 102].

Influenza also utilizes alternate translation initiation. The identified alternate initiation

sites are all downstream ATG codons. The best described alternately initiated influenza

protein is PB1-F2 [35]. PB1-F2 is an influenza protein initiated by a downstream ATG in

the +1 reading frame of the PB1 segment [35]. PB1-F2 is thought to modulate the host

immune response and be a virulence factor by inducing apoptosis [35, 230, 135].

Additional peptides generated by alternate start sites have been noted in the PB1,

PA, and M segments of influenza [35, 230, 220, 1, 2, 139, 221]. Translation initiation

at ATG codons downstream and in-frame of PB1-F2 have been detected [35]. An N-

terminally truncated form of PB1 (PB1-N40) has also been detected [220]. PB1-N40 has

been shown to interact with polymerase subunits. Whether this protein has a function is

unknown, but it is speculated that it may balance expression of PB1 and PB1-F2 [220].

Two N-terminal truncations with no known function have been described in PA - PA155

and PA185 [139]. M42 is also generated by alternate translation initiation [221]. These

examples of alternately initiated peptides provide insight into the complex coding capacity

of the influenza genome, however there has yet to be a comprehensive survey of influenza

translation initiation sites.

1.3.2 Alternate translation initiation products can serve as T-cell epitopes

There are many documented cases in which T-cell epitopes are derived from unexpected

source [24, 227, 193]. These epitopes are described as ’cryptic’ T-cell epitopes and can

be derived from the 5’ UTR, introns, alternate reading frames, and 3’ UTRs.

Many cryptic T-cell epitopes are generated by alternate translation initiation. Though

analysis of genome-wide data, CTG is the most commonly used alternate translation ini-

tiation codon following ATG [94, 121, 64, 62]. CTG initiation is of particular interest to the
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anti-viral response and cryptic T-cell epitope production. There are examples of immune

epitopes that are initiated from initiation at a CTG codon [24, 205, 34, 227, 179, 193].

There is even some evidence for CTG initiation in the non-coding region of M1 in the in-

fluenza genome [225]. Furthermore, initiation at CTG codons contained on reporter con-

structs can be induced during viral infection and activation of the immune response [191,

159]. It is hypothesized that upregulation of CTG initiation may be a deliberate host strat-

egy that allows generation immune epitopes in the setting of reduced translation initiation.

In support of this hypothesis [191, 159, 227], the mechanism of CTG initiation may not in-

volve eIF2α which is limited during viral responses and instead may involve the alternate

initiation factor eIF2A [191]. There has yet to a systematic analysis of CTG start sites

in the influenza genome, and it is unknown whether start site usage differs at the global

scale during viral infection is unknown.

1.3.3 Ribosome profiling

Ribosome profiling is a technique that enables a global insight into translation dynamics by

high-throughput sequencing of ribosome-protected mRNA fragments [93, 94]. The princi-

ple of ribosome profiling is based on the classic technique of ribosome footprinting [194],

which involves treating in vitro translated mRNA with a nuclease to digest mRNAs that are

not protected by ribosomes. These ribosome footprints are of a characteristic size of ap-

proximately 30 nucleotides that can be sequenced to identify the location of the ribosome

with high precision. Ribosome profiling adapts and extends the concept of ribosome foot-

prints to a high-throughput assay that captures the entire genome in an in vivo setting.

This technique can uncover global regulation of translation during an array of biological

processes, provide insight into the mechanism of translation, the cellular location of trans-

lation, and provide a comprehensive method for annotating protein coding regions [27].

To perform ribosome profiling a sample is treated with translation inhibitors to stall

initiating and elongating ribosomes on transcripts [93, 94]. The samples are then sub-
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jected to nuclease digestion to generate ribosome footprints. The ribosome footprints are

isolated and DNA libraries are generated and deep-sequenced. The resulting reads can

be mapped back to the genome to determine which transcripts are being translated and

where along transcripts ribosomes are located.

In addition, this technique can be applied to identify sites of translation initiation [94,

121, 64]. By treating samples with translation initiation inhibitors, one can specifically en-

rich for initiating ribosomes and deplete transcripts of elongating ribosomes. Subsequent

generation and sequencing of DNA libraries reveals the location of initiating ribosomes,

as revealed by peaks of sequencing reads in transcripts. Statistical methods can be used

to call translation initiation sites. This method combined with traditional ribosome profil-

ing has been employed to comprehensively annotate translation initiation sites and open

reading frames in many experimental systems including in viral genomes such as HCMV,

and during varying conditions of cellular stress [94, 121, 64, 198].

Importantly, there are limitations and caveats to this method. Each step of the library

preparation can introduce biases or artifacts. During treatment with elongation inhibitors,

there can be biases towards the 5’ and 3’ end of transcripts [67]. This can be minimized

by flash freezing samples instead of pre-treating samples with inhibitors. During treat-

ment with translation initiation inhibitors, there can be an inflation of ribosomes at the 5’

of transcripts and a skew towards identification of upstream translation initiation sites [64].

Ribosome profiling libraries can also contain reads derived from non-ribosome protected

RNA. Large ribonucleoprotein complexes can co-migrate with ribosome associated frag-

ments during size exclusion or sucrose gradient purification of ribosome protected frag-

ments [92, 13]. This can be mitigated in part by excluding reads that are outside the

size distribution of ribosome protected fragments in downstream analyses. Despite these

caveats, ribosome profiling is a powerful technique, particularly in combination with or-

thogonal techniques such as protein biochemistry and mass spectrometry that allows

unparalleled insight into translation dynamics.
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1.3.4 Comprehensive profiling of translation initiation in the setting of influenza virus

infection

In Chapter 3, I examine how translation initiation is altered during influenza virus infection.

I employ ribosome profiling [93, 90], which can provide a genome wide view of ribosomal

occupancy, to comprehensively annotate sites of translation initiation. I find a small num-

ber of novel sites of alternate initiation in the influenza genome, including a translation

initiation site that generates an N-terminally truncated but functional form of NA. My find-

ings increase our understanding of the complex protein coding capacity of the influenza

genome. I also employ evolutionary analyses to examine whether there may be selection

against putative alternate initiation in the influenza genome, as viral protein products such

as cryptic T-cell epitopes can also be deleterious to the virus. I find evidence of selection

against putative alternate initiation in the influenza lineages of mammalian hosts. Overall

this work provides insight into the evolutionary forces that shape influenza evolution.
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Chapter 2

POSITIVE SELECTION IN CD8+ T-CELL EPITOPES OF INFLUENZA
VIRUS NUCLEOPROTEIN

REVEALED BY A COMPARATIVE ANALYSIS OF
HUMAN AND SWINE VIRAL LINEAGES

A version of this chapter has been previously published as:

Heather M Machkovech, Marc A Suchard, Trevor Bedford, and Jesse D Bloom. Pos-

itive Selection in CD8+ T-Cell Epitopes of Influenza Virus Nucleoprotein Revealed by a

Comparative Analysis of Human and Swine Viral Lineages. Journal of Virology, 89(22):

11275-11283 (2015).

Jesse Bloom and I developed and performed the analyses and wrote the manuscript.

Trevor Bedford advised on the statistical analyses. Marc Suchard developed the software

that we employed.
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2.1 Abstract

Numerous experimental studies have demonstrated that CD8+ T cells contribute to im-

munity against influenza by limiting viral replication. It is therefore surprising that rigorous

statistical tests have failed to find evidence of positive selection in the epitopes targeted

by CD8+ T cells. Here we use a novel computational approach to test for selection in

CD8+ T-cell epitopes. We define all epitopes in the nucleoprotein (NP) and matrix protein

(M1) with experimentally identified human CD8+ T-cell responses and then compare the

evolution of these epitopes in parallel lineages of human and swine influenza viruses that

have been diverging since roughly 1918. We find a significant enrichment of substitutions

that alter human CD8+ T-cell epitopes in NP of human versus swine influenza virus, con-

sistent with the idea that these epitopes are under positive selection. Furthermore, we

show that epitope-altering substitutions in human influenza virus NP are enriched on the

trunk versus the branches of the phylogenetic tree, indicating that viruses that acquire

these mutations have a selective advantage. However, even in human influenza virus

NP, sites in T-cell epitopes evolve more slowly than do nonepitope sites, presumably be-

cause these epitopes are under stronger inherent functional constraint. Overall, our work

demonstrates that there is clear selection from CD8+ T cells in human influenza virus NP

and illustrates how comparative analyses of viral lineages from different hosts can identify

positive selection that is otherwise obscured by strong functional constraint.

2.1.1 Importance

There is a strong interest in correlates of anti-influenza immunity that are protective against

diverse virus strains. CD8+ T cells provide such broad immunity, since they target con-

served viral proteins. An important question is whether T-cell immunity is sufficiently

strong to drive influenza virus evolution. Although many studies have shown that T cells

limit viral replication in animal models and are associated with decreased symptoms in

humans, no studies have proven with statistical significance that influenza virus evolves
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under positive selection to escape T cells. Here we use comparisons of human and

swine influenza viruses to rigorously demonstrate that human influenza virus evolves un-

der pressure to fix mutations in the nucleoprotein that promote escape from T cells. We

further show that viruses with these mutations have a selective advantage since they are

preferentially located on the ’trunk’ of the phylogenetic tree. Overall, our results show

that CD8+ T cells targeting nucleoprotein play an important role in shaping influenza virus

evolution.

2.2 Background

Both arms of the adaptive immune system help control influenza virus replication: anti-

bodies neutralize virus [104] and direct the clearance of infected cells [98], while CD8+ T

cells kill infected cells that display viral peptides on their major histocompatibility complex

(MHC) class I molecules [208, 169]. While antibodies against the viral surface protein

hemagglutinin (HA) provide the most potent protection when they are well matched to the

virus strain [211, 36, 39], T cells offer broader protection against diverse strains since they

tend to recognize epitopes in more conserved internal viral proteins such as nucleoprotein

(NP) and matrix protein (M1) [208, 169, 228, 79].

Studies in both mice [75, 115, 111, 202] and humans [79, 189, 216] have shown

that preexisting influenza virus-specific CD8+ T cells reduce the severity of disease and

enhance virus clearance. For instance, preexisting virus-specific CD8+ T cells were

correlated with decreased symptoms in humans infected during the 2009 H1N1 pan-

demic [189]. Similarly, T cells specific for NP were associated with a decreased incidence

of symptomatic infection over a multiyear study of a large human cohort [79], and CD8

T-cell responses were correlated with recovery from severe H7N9 infection [216] . There-

fore, experimental and epidemiological work demonstrates that CD8+ T cells contribute

to immunity against influenza.

Because humans are repeatedly infected with influenza over their lifetimes, one might
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expect viruses to be under evolutionary pressure to accumulate substitutions in epitopes

targeted by immune memory. Indeed, there are numerous examples of the fixation of

antibody escape mutations in HA [186, 26], consistent with the notion that this protein

evolves under strong selection from antibodies. Several studies have also described in-

fluenza virus mutations that escape recognition by CD8+ T cells [168]. In a mouse study,

viral mutations arose that conferred T-cell escape in RAG-1-deficient mice expressing

an influenza virus NP-specific T-cell receptor (TCR) [160]. Rimmelzwaan and cowork-

ers identified the fixation of mutations in NP of human H3N2 virus that mediated escape

from CD8+ T cells by altering the epitope recognized by the T-cell receptor [15, 22, 23]

or by abrogating binding of the epitope to MHC class I molecules [213]. Valkenburg et

al. described the emergence of CD8+ T-cell escape mutations in a persistently influenza-

infected infant [208]. These elegant studies demonstrate that influenza virus accumulates

substitutions that escape CD8+ T cells as well as antibody-mediated immunity.

However, these studies do not prove that positive selection for CD8+ T-cell escape is

an important driving force in the evolution of influenza virus, since many sites in the virus

genome will fix substitutions given enough time [161, 184, 145]. To rigorously establish

the presence of positive selection, the field of molecular evolution has developed statis-

tical tests to discern whether a subset of sites is evolving faster than expected. Most of

these tests compute nonsynonymous and synonymous distances (referred to as dN and

dS, respectively) and then test for sites with statistical evidence that the accumulation of

nonsynonymous substitutions exceeds that of synonymous substitutions (dN/dS ratio of

>1) [106, 140]. These tests consistently find overwhelming evidence for positive selection

in the antigenic sites of influenza virus hemagglutinin [32, 181, 107] but little evidence

for positive selection in CD8+ T-cell epitopes [107]. One study reported that CD8+ T-cell

epitopes in NP have a higher dN/dS ratio than do other sites [14]; however, that study

made a pairwise comparison of two sequences only and included no tests for statistical

significance. Below, we describe the use of several state-of-the-art tests to verify that

CD8+ T-cell epitopes have neither an elevated frequency of sites with a dN/dS ratio of
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>1 nor an elevated rate of nonsynonymous substitutions. Therefore, by standard criteria,

CD8+ T-cell epitopes are not under positive selection.

The results of these statistical tests for positive selection seem at odds with the exten-

sive body of experimental work described above. We hypothesized that the discrepancy

arises because known CD8+ T-cell epitopes are under strong functional constraint [14,

7, 167, 72]. If epitopes are highly constrained, then even strong positive selection might

fail to elevate the rate of nonsynonymous substitutions in epitopes above that at less con-

strained nonepitope sites. To address this possibility, we developed new statistical tests

that take advantage of the fact that some lineages of human influenza virus are paral-

leled by lineages of swine influenza virus that are not under selection from human CD8+

T cells. Using these tests, we show that CD8+ T-cell epitopes in NP evolve significantly

faster in human influenza virus than in swine influenza virus. Furthermore, we show

that substitutions in these epitopes are enriched on the trunk of the phylogenetic tree,

indicating that viruses that acquire them have a selective advantage that promotes their

evolutionary spread. Overall, our work provides clear statistical evidence that comple-

ments prior experimental studies showing that CD8+ T-cell epitopes are under selection

in human influenza virus [21] and suggests that the failure of conventional tests to identify

this selection is due to high levels of functional constraint in epitopes.

2.3 Materials and Methods

2.3.1 Inference of phylogenetic trees and mutation counts.

M1 and NP protein-coding sequences were downloaded from the Influenza Virus Re-

source (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html) [8].

For human influenza virus, we assembled sequence sets by taking sequences for

H1N1 (1918 to 1957), H2N2 (1957 to 1968), and H3N2 (1968 to 2013); if there were

fewer than three sequences per year, we retained them all, and when there were more

than three for a year, we randomly selected three to retain. For swine influenza virus, we
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similarly assembled sequence sets containing up to 3 sequences per subtype per year

for H1N1 (1918 to 2013), H1N2 (1999 to 2013), and H3N2 (1998 to 2013). For swine

influenza virus, the first available sequence is from 1933. We excluded sequences that

were previously classified as being misannotated [110] or that were strong outliers based

on molecular clock analysis using RAxML [190] and Path-O-Gen (http://tree.bio.ed.ac.uk/

software/pathogen/).

There are gaps in sequence availability in earlier years (most prominently, there are

no sequences from between 1918 and the early 1930s). Therefore, we have a reduced

power to identify substitutions in these early years. However, since our comparisons

are between human and swine influenza viruses, and since both lineages have similarly

sparse sequences in these early years, these gaps seem unlikely to systematically bias

our study, although they may reduce its power.

We translated the sequences and inferred separate human and swine influenza virus

phylogenies for each protein using Bayesian Evolutionary Analysis by Sampling Trees

(BEAST) [51] with a strict molecular clock, a Jones-Taylor-Thornton (JTT) [99] model of

substitution, and a constant population size demographic model. Figure 1 shows the maxi-

mum clade credibility trees rendered with FigTree (http://tree.bio.ed.ac.uk/software/figtree/).

The trunk of each tree (dark lines in Figure 1) was defined by tracing from the most

recent sequence back to the oldest sequence. We used a stochastic mapping tech-

nique [137, 149, 123] implemented via the ’MarkovJumps’ feature in BEAST to estimate

the posterior mean number of substitutions at each site for each phylogenetic tree and

along the trunk of each tree. The times to the most recent common ancestor referred to

in Figure 1 legend were estimated by a BEAST analysis of the joint swine and human

influenza virus lineages. The dates of fixation of the CD8+ T-cell escape substitutions

characterized by Rimmelzwaan and colleagues [15, 22, 23, 213] refer to estimates ob-

tained previously (see Figure 2 supplement 2 in [72]).



18

2.3.2 Identification of CD8+ T-cell epitope sites.

We downloaded all epitopes with an experimentally identified CD8+ T-cell response (source

organism Influenza A virus and host Homo sapiens) from the Immune Epitope Database

(http://www.iedb.org/) [212]. We identified unique epitopes, as described in Results, using

a previously described software package (https://github.com/jbloom/epitopefinder/) [71]

and then determined the number of unique epitopes Er to which each site r contributes

(Figure 2).

2.3.3 Conventional dN/dS tests for positive selection.

We used DataMonkey (http://www.datamonkey.org/) [43] to perform two types of dN/dS

analysis, the hierarchical Bayes method FUBAR (fast unconstrained Bayesian approxima-

tion) [140] and the maximum likelihood method FEL (fixed-effects likelihood) [106]. The

maximum clade credibility tree from BEAST was used as the input phylogeny for FUBAR

and FEL, and a REV (general reversible model) codon substitution model was specified

for FEL. For both methods, we calculated the percentage of sites for which the estimated

dN/dS ratio was >1 and the percentage of sites for which there was strong statistical

support for this ratio being >1 (posterior probability of >0.95 for FUBAR; P value of <0.05

for FEL).

2.3.4 Statistics for substitutions at each site in human and swine influenza virus lineages.

The posterior mean estimate of the number of nonsynonymous substitutions, Sr, at each

site r, was extracted from the BEAST trees. These estimates were used to compute the

average substitution rates across all epitope sites (sites that fell into at least one epitope)

and across all nonepitope sites, both for the entire tree and for the trunk alone. We also

defined a statistic, F , which represents the average number of epitopes changed per

substitution. This statistic is defined as:
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F =

∑
r Er × Sr∑

r Sr

, (2.1)

where Er is the number of unique epitopes to which site r contributes.

We performed statistical tests of whether we could reject the null hypothesis that there

was no difference in the F statistics for human versus swine and for the trunk versus

the tree. To do this, we calculated the ratios of these statistics for human versus swine

or trunk versus tree and then created a null distribution by repeatedly recalculating the

statistics after randomizing the epitope counts, Er, among sites. The P values represent

the fraction of time that the randomized statistic is greater than the actual statistic in 104

randomizations.

2.4 Results

2.4.1 Parallel human and swine influenza virus lineages reveal selection by CD8+ T

cells.

Our goal is to determine whether epitopes targeted by human CD8+ T cells are under se-

lection in influenza viruses that circulate in human hosts. The two most highly expressed

influenza virus proteins are NP and M1 [113], and epitopes in these proteins are major

targets of CD8+ T cells [208, 169, 228, 79]. The NP and M1 proteins in contemporary

human H3N2 influenza viruses have circulated in humans since at least 1918 [49, 40].

For both genes, this unbroken lineage consists of H1N1 viruses from 1918 to 1957, H2N2

viruses from 1957 to 1968, and H3N2 viruses from 1968 to the present. The red lines in

Figure 1 show phylogenetic trees of NP and M1 from this human influenza virus lineage.

This human influenza virus lineage is closely paralleled by a swine influenza virus

lineage descended from the common ancestor of the virus that caused concurrent pan-

demics in humans and swine in 1918 [49, 28]. NP and M1 of this lineage have circulated

exclusively in swine since 1918 [49, 28]. The blue lines in Figure 1 show phylogenetic

trees of NP and M1 from this swine influenza virus lineage. The phylogenetic trees show
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that both human and swine influenza viruses undergo substantial genetic evolution in

NP and M1; however, this fact alone does not reveal what forces drive this evolution. In-

fluenza virus genetic evolution can be driven by positive selection, but it can also be driven

by stochastic forces such as genetic hitchhiking or drift [161, 184, 145].

The parallel lineages of human and swine influenza viruses enable us to perform an

internally controlled analysis of whether CD8+ T cells represent an important selective

force in driving influenza virus evolution, since human CD8+ T cells target epitopes in

human but not swine influenza viruses. There are two reasons why we can be confident

that swine influenza virus is not under selection from human CD8+ T cells. First, the MHC

class I molecules that restrict CD8+ T-cell epitopes are highly variable among species;

therefore, epitopes displayed to human CD8+ T cells will differ from those displayed to

swine CD8+ T cells [166, 127] (note that our approach does not require the human and

swine epitopes to be completely nonoverlapping; it simply assumes that the MHC alleles

are sufficiently diverged so that not all epitopes targeted by humans are also targeted by

swine). Second, swine influenza virus is under weaker selection from immune memory

than is human influenza virus because pigs are infected only once or a few times during

their short lives [180, 147, 66, 218, 210]. Therefore, swine influenza virus is probably

under less pressure from CD8+ T cells in general, and whatever pressure does exist will

generally focus on different epitopes than those targeted by human T cells.

2.4.2 Experimentally identified human CD8+ T-cell epitopes.

We aimed to identify CD8+ T-cell epitopes targeted by individuals in the human population.

There are two plausible ways to do this: by computationally predicting peptides that bind to

MHC class I or by collating epitopes that have been experimentally identified as eliciting

responses from CD8+ T cells isolated from humans. We chose to use experimentally

identified epitopes since computational predictions are imperfect [171], and only a fraction

of peptides that bind MHC class I molecules are targets of cytolytic CD8+ T cells [44, 226].



21

We extracted all influenza virus epitopes from the Immune Epitope Database [212] that

are between 8 and 12 amino acids in length with an experimentally identified human

CD8+ T-cell response. We retained all epitopes that aligned to at least one strain from our

human and swine influenza virus lineages with no more than one amino acid mismatch.

We classified epitopes as redundant if they shared 8 or more amino acids and were in

the same MHC class I group (63) (or supertype [183] if the group was not specified).

We identified 133 unique epitopes in the seven proteins that did not reassort during the

human influenza pandemic of 1957 or 1968 (NS1, NS2, PB2, PA, M1, M2, and NP). Of

133 epitopes, 62 were in NP (47%), and 29 were in M1 (22%), consistent with reports that

these two proteins are major targets of CD8+ T cells [79]. Figure 2 shows the number

of epitopes to which each site in NP and M1 contributes; individual sites are involved in

anywhere between zero and nine epitopes.

These experimentally identified epitopes probably do not represent an exhaustive list

of all sites targeted by human T cells. In particular, some epitopes in historical strains may

be overlooked since most studies use recent virus strains. However, since our analyses

are internally controlled (we compare either human to swine influenza viruses or the trunk

of the tree to side branches), missing some epitopes should not systematically bias our

results.

Our approach identifies sites that contribute to epitopes in any of the influenza virus

strains under consideration. Mutations of an epitope can mediate escape by abrogating

peptide binding to MHC class I or by changing the sequence of the bound peptide such

that it is no longer recognized by memory T cells. Both types of escape have been experi-

mentally demonstrated for NP of human H3N2 virus. An example of escape by abrogation

of MHC binding is the R384G mutation that fixed in 1993 [213]. Three examples of es-

cape of T-cell recognition but not MHC binding are the D421E/I425V mutations that fixed

in 1979 [22, 23] , the K103R mutation that fixed in 1980 [15], and the S259L mutation that

fixed in 1990 [15]. Additionally, mutations outside an epitope can affect its processing [3],

although we are unaware of documented examples of extraepitopic escape mutations that
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have fixed in human influenza virus. Our analysis cannot distinguish among these types

of escape, since most experiments identify epitopes without characterizing how prior or

subsequent mutations affect their processing, MHC binding, and recognition by T cells.

We therefore classify sites according to the number of epitopes to which they con-

tribute in any of our virus strains without attempting to determine whether the epitopes

are present across all the virus strains. This approach is usually valid when mutations

alter T-cell recognition without affecting processing or MHC binding, since epitopes that

escape existing T cells via such mutations will often soon be targeted by new T cells [15].

However, our approach is imperfect for mutations that abrogate binding to MHC molecules

and so eliminate the epitope from all subsequent strains. However, since the NP and M1

homologs are closely related (the maximal protein sequence divergence among the se-

quences in Figure 1 is just 12%), even if a site fixes just a single mutation that eliminates

an epitope, this would represent a substantial elevation in its rate of evolution over the

time frame of interest. Therefore, classification of sites by the number of epitopes as

in Figure 2 should identify positions in NP and M1 that will exhibit an increased rate of

substitution if there is T-cell selection.

2.4.3 Conventional dN/dS tests fail to find positive selection in CD8+ T-cell epitopes.

One might hypothesize that immune selection from CD8+ T cells would lead to a greater

proportion of epitope than nonepitope sites with a dN/dS ratio of >1. We therefore used

two state-of-the-art methods (a hierarchical Bayes approach [106] and a maximum likeli-

hood approach [140]) to identify sites in human and swine influenza viruses with dN/dS

ratios of >1 and partitioned the sites based on whether or not they were involved in at

least one experimentally identified epitope. As shown in Figure 3A and B, the proportion

of sites with a dN/dS ratio of >1 was actually lower for epitope than for nonepitope sites

in human influenza virus. Additionally, we calculated the proportion of sites with strong

statistical evidence of a dN/dS ratio of >1 (Figure 3C and D). In no instance is there a
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greater proportion of epitope than nonepitope sites with a dN/dS ratio of >1. Our find-

ings are consistent with data from previous work that failed to find evidence for positively

selected sites in NP or M1 [107]. Thus, overall, state-of-the-art dN/dS tests fail to identify

enhanced positive selection in T-cell epitopes in NP.

2.4.4 Epitope sites do not evolve faster than nonepitope sites, although the rate is higher

on the trunk of the human influenza virus NP lineage.

We next estimated the number of nonsynonymous substitutions at each site in NP and

M1 for both the full swine and influenza virus trees in Figure 1 and for the ’trunks’ of these

trees (dark lines in Figure 1). The rationale for examining the trunk separately is that we

expect beneficial substitutions to be enriched on the trunk since they will confer a selec-

tive advantage that favors the propagation of sequences that contain them. Consistent

with this idea, studies of human H3N2 influenza virus HA have found that presumably

beneficial substitutions that alter antigenicity are enriched on the trunk versus the entire

tree [12, 11].

Figure 4 shows the ratios of the substitution rates at epitope versus nonepitope sites.

In none of the cases (NP or M1, swine or human influenza virus, or trunk or tree) is the

ratio substantially greater than 1 when taken over the whole tree, so in no case are the

epitope sites evolving faster than the nonepitope ones. This result helps explain why the

dN/dS tests fail to find evidence for positive selection in the epitopes: for NP and M1 (un-

like for HA), epitope sites simply do not evolve faster than their nonepitope counterparts.

However, further examination of the data in Figure 4 reveals an interesting trend. Al-

though there are no instances where epitope sites are evolving substantially faster than

nonepitope ones, the ratio of epitope to nonepitope substitution rates is higher for NP of

human influenza virus than for NP of swine influenza virus. This trend is particularly pro-

nounced along the trunk of the tree, which is exactly where we would expect to see the

largest increase in rates if epitope substitutions confer a selective advantage. To test if this
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trend was indicative of statistically significant CD8+ T-cell selection in NP, we undertook a

more nuanced analysis, as described below.

2.4.5 Substitutions alter more NP epitopes in human than in swine influenza virus, es-

pecially on the trunk.

The above-described analyses simply subdivided sites as epitope or nonepitope sites

based on whether they fall into at least one experimentally identified epitope. However,

as shown in Figure 2, some sites are involved in far more unique epitopes than others. To

account for this, we defined a new statistic (which we denote F ) that gives the average

number of unique epitopes that are altered per substitution. Figure 5A shows this F

statistic for the trunk and entire tree for NP and M1 of both human and swine influenza

viruses. There appears to be little difference in this F statistic for M1 between the trunk

and the entire tree and between human and swine influenza viruses. However, for NP, F

is greater for human influenza virus than for swine influenza virus, with the increase being

much larger for the trunk than for the entire tree. This result indicates that the average

substitution alters more NP epitopes in human influenza virus than in swine influenza virus

and that this trend is especially pronounced on the trunk of the tree, exactly as we would

expect under selection for epitope-altering substitutions.

To test if the trend is statistically significant, we computed the ratio of F for human

influenza virus to that for swine influenza virus and then calculated a null distribution by

repeatedly randomizing the epitopes among sites. For M1, the actual ratio falls near the

center of the null distribution (Figure 5B), confirming that there is no enhancement of the

rate of fixation of epitope-altering substitutions in M1 of human influenza virus. However,

for NP, the actual ratio falls near the top the null distribution for both the trunk and the

tree (Figure 5B). In particular, for the trunk, there is strong statistical support (P = 0.0002)

for rejecting the null hypothesis that epitope-altering substitutions are equally likely to fix

in human and swine influenza viruses. This result indicates that there is selection for
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substitutions that alter CD8+ T-cell epitopes in NP of human influenza virus.

To corroborate this statistical finding of an enhanced rate of epitope-altering substitu-

tions along the trunk of human versus swine influenza virus, we undertook a further sub-

analysis of the small subset of epitopes for which specific T-cell escape mutations have

been identified. The vast majority of epitopes that comprise the analysis shown in Fig. 5

were identified by relatively high-throughput studies that characterized peptides eliciting

T-cell responses without identifying escape mutations. However, a series of meticulous

studies by Rimmelzwaan and coworkers [15, 22, 213] identified sites of specific escape

mutations for a small number of epitopes. Table 1 shows that substitutions are fixed at all

of these sites along the trunk of the human influenza virus tree but that swine influenza

virus has no fixed substitutions at any of these sites. This finding lends further support

to the idea that human T cells exert positive selection on human but not swine influenza

virus.

We next tested whether selection for epitope-altering substitutions in human influenza

virus NP was stronger on the trunk than on the rest of the tree, as would be expected if

such substitutions confer a selective advantage. We computed the ratio of the F statistic

for the trunk to that for the entire tree and generated null distributions for this statistic

by randomizing the epitopes among sites (Figure 6). For M1, the actual ratios are near

the center of the null distributions. However, for NP, the actual ratio is near the top of

the null distribution (P = 0.003) for human influenza virus and near the bottom for swine

influenza virus (P = 0.01). This result demonstrates that epitope-altering substitutions in

NP are significantly enriched on the trunk of the human influenza virus lineage, suggesting

that viruses that fix these mutations are more fit than other strains. The depletion of

epitope-altering substitutions in the swine lineage can also be given a clear explanation:

if the known CD8+ T-cell epitopes in NP are in functionally constrained regions of the

protein (as has been suggested by a variety of experimental studies [14, 7, 167, 72], then

substitutions in these epitopes will often be deleterious in swine influenza virus lineages

that experience no human CD8+ T-cell selection and so will be relatively depleted on the
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trunk. Thus, overall, the results described above provide strong statistical evidence of

positive selection in the CD8+ T-cell epitopes of human influenza virus NP.

2.5 Discussion

We describe the first rigorous statistical evidence that CD8+ T-cell epitopes are under

positive selection in human influenza virus. Our work adds to a growing body of evidence

suggesting an important role for T-cell immunity in shaping influenza virus evolution. Pre-

vious studies showed that T cells help protect against human influenza virus [79, 189] and

detailed specific instances of T-cell escape [15, 22, 23, 213, 208]. Our work shows that

T-cell selection increases the rate at which mutations are fixed in epitopes of NP and in-

dicates that viruses with these substitutions have a selective advantage that makes them

more likely to fall along the trunk of the phylogenetic tree.

Our results also explain why conventional dN/dS tests fail to detect positive selection

in CD8+ T-cell epitopes. Known human CD8+ T-cell epitopes tend to be under strong

functional constraint [14, 7, 167, 72]. It is unclear whether this is because T cells in-

herently target conserved epitopes, because repeated infections preferentially boost T

cells that target conserved epitopes, or because there is a bias toward experimentally

identifying conserved epitopes. However, in any case, the fact that known epitopes are

under strong constraint means that even fairly strong positive selection may not enhance

the nonsynonymous substitution rate to a level detectable by conventional dN/dS tests.

This contrasts with antibody epitopes in HA, where the ability of dN/dS tests to detect

antibody-mediated positive selection is probably augmented by the fact that antigenic

sites are disproportionately tolerant of point mutations [203].

The novel approach that we developed ameliorates this problem by comparing the

evolution of epitopes of human and swine influenza viruses or the entire phylogenetic

tree and only its trunk. These comparisons should better control for site-to-site variation

in functional constraint, since comparisons are always made between homologous sites
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that should be subject to similar functional constraints. Admittedly, there may also be

other differences in functional constraints between human and swine influenza viruses

beyond T cells, but unless these differential constraints are systematically biased toward

occurring at T-cell epitopes, they should not alter the fundamental validity of our approach.

By making comparisons in this way, we demonstrated clear positive selection in CD8+ T-

cell epitopes in NP, both in human versus swine influenza viruses and in the trunk versus

the entire phylogenetic tree.

One interesting aspect of our study is that we found positive selection in NP but not M1.

This finding is consistent with a recent large-scale study that found that NP was the only

protein for which the presence of preexisting memory T cells correlated with decreased

rates of symptomatic infections [79]. However, our study does not preclude an important

role of T cells targeting M1, which contains an immunodominant HLA-A2 epitope span-

ning residues 58 to 66 [21, 100]. One study argued that T cells targeting this epitope

are ineffectual [100], although this interpretation is disputed [209, 101]. However, exper-

iments have also shown that this epitope is under strong constraint [14]. If an epitope is

completely intolerant of mutations, it will of course be unable to accumulate substitutions

regardless of the strength of selection. It remains unclear if our failure to detect posi-

tive selection in M1 reflects a lack of effective immunity targeting this protein or strong

constraints that simply prevent the fixation of escape mutations.

It is well established that antibodies are strong drivers of repeated selective sweeps

in the evolution of human influenza virus [12, 163]. The fact that we can detect positive

selection by CD8+ T cells even in the presence of these antibody-driven selective sweeps

demonstrates the importance of T-cell immunity in driving viral evolution. The existence

of such selection is consistent with modeling studies showing that T-cell immunity that

reduces the infectious period can strongly favor viral escape [70].

There is considerable interest in developing vaccines that elicit stronger T-cell immu-

nity to better protect against diverse influenza virus strains [208]. Our demonstration of

the evolutionary importance of T-cell selection suggests that this interest is well founded.
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In addition, our results suggest that attempts to forecast the seasonal evolution of in-

fluenza [130, 144] could benefit from examining changes in T-cell as well as antibody

epitopes.
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3.1 Abstract

Translation can initiate at alternate, non-canonical start codons in response to stressful

stimuli in mammalian cells. Recent studies suggest that viral infection and anti-viral re-

sponses alter sites of translation initiation, and in some cases, lead to production of novel

immune epitopes. Here we systematically investigate the extent and impact of alternate

translation initiation in cells infected with influenza virus. We perform evolutionary anal-

yses that suggest selection against non-canonical initiation at CUG codons in influenza

virus lineages that have adapted to mammalian hosts. We then use ribosome profiling

with the initiation inhibitor lactidomycin to experimentally delineate translation initiation

sites in a human lung epithelial cell line infected with influenza virus. We identify sev-

eral candidate sites of alternate initiation in influenza mRNAs, all of which occur at AUG

codons that are downstream of canonical initiation codons. One of these candidate down-

stream start sites truncates 14 amino acids from the N-terminus of the N1 neuraminidase

protein, resulting in loss of its cytoplasmic tail and a portion of the transmembrane do-

main. This truncated neuraminidase protein is expressed on the cell surface during in-

fluenza virus infection, is enzymatically active, and is conserved in most N1 viral lineages.

Host transcripts induced by the anti-viral response are enriched for translation initiation at

non-canonical start sites and non-AUG start codons. Together, our results systematically

map the landscape of translation initiation during influenza virus infection, and shed light

on the evolutionary forces shaping this landscape.

3.2 Author summary

When viruses such as influenza infect cells, both host and viral mRNAs are translated

into proteins. Here we investigate the sites in these mRNAs that initiate protein transla-

tion during influenza infection. In particular, we explore whether some of this translation

initiates at codons other than the canonical ones used to produce the primary protein

product of each gene. Using computational analyses, we find that mammalian influenza
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viruses evolve to reduce the number of codons that can initiate such alternate translation

initiation products. We next use the comprehensive experimental strategy of ribosome

profiling to identify sites of translation initiation across all influenza and host mRNAs. We

find a number of sites of alternate initiation on both influenza and host mRNAs. We study

in detail one such alternate start site on an influenza mRNA, and show that it encodes a

functional and previously uncharacterized variant of a viral protein. We also find evidence

that the mRNAs that host cells express at higher levels during viral infection are enriched

for translation initiation at non-canonical start codons. Overall, these results suggest that

alternate translation initiation plays a role in shaping the repertoires of both viral and host

proteins that are produced during influenza infection.

3.3 Introduction

Cellular stress can impact protein translation initiation. For example, viral infection can

activate protein kinase R, which globally reduces translation initiation for most transcripts,

while translationally upregulating a subset of stress-response transcripts [65]. Cellular

stress can also alter the start codon on mRNAs at which ribosomes initiate transla-

tion [232, 198, 178]. A common alternate start codon, CUG, may be of particular rele-

vance during immune stress. Previous work using sensitive reporter assays found that

CUG initiation can be induced during viral infection and activation of the immune re-

sponse [191, 159]. It has been hypothesized that upregulation of CUG initiation may

be a deliberate host strategy to generate immune epitopes during cellular stress [191,

159, 229]. Indeed, there are numerous examples of immune epitopes that are initiated

from alternate start sites, including CUG codons [24, 205, 34, 227, 179, 193]. However, it

is unknown if start site usage is altered globally during viral infection, or skewed towards

certain start codons such as CUG.

In addition, viruses often rely on alternate translation initiation to increase the diversity

of proteins encoded in their compact genomes. Influenza is an eight segmented negative
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stranded RNA virus that encodes ten canonical proteins, but additional influenza proteins

can be generated through alternate initiation. For instance, the PB1-F2 protein is initiated

at a downstream AUG in the +1 reading frame of the PB1 segment, and is thought to

modulate the host immune response [35, 230, 135]. Additional peptides generated by

alternate downstream AUG codons have been noted in the PB1, PA, and M influenza

segments [35, 230, 220, 1, 2, 139, 221], but their abundance and functional relevance is

unclear. There is some experimental support for CUG initiation in the non-coding region

of M1 in the influenza genome [225], and very low levels of initiation on the negative

sense RNA of the NS segment [234, 37, 80]. Even when such noncanonical peptides

are generated at low levels and not functionally important for the virus, they can still be

targeted by the host immune response [227]. However, despite the ad hoc identification

of the aforementioned alternate protein products, there have been no systematic studies

to map sites of translation initiation in all influenza transcripts.

Ribosome profiling, the high-throughput sequencing of ribosome-protected mRNA frag-

ments, enables genome-wide interrogation of translation [93]. This method has been ap-

plied to influenza virus to reveal host shut-off [13] and translation of non-coding RNAs [164].

It has also been used to identify unannotated proteins in other viruses such as CMV [195].

Notably, ribosome profiling, in combination with inhibitors of translation initiation, can be

used to identify candidate sites of translation initiation [94, 121].

Here we integrate computational and experimental approaches to systematically ex-

amine translation initiation in influenza-infected cells. We first perform computational anal-

yses that suggest there is selection against putative CUG alternate translation initiation

sites in mammalian influenza virus lineages. We then use ribosome profiling to exper-

imentally map sites of translation initiation in viral and cellular mRNAs during influenza

virus infection. Surprisingly, we find little signal for CUG initiation in viral genes, but we

do identify a number of candidate AUG start sites that are downstream of the canonical

start codon. We show that one of these candidate start sites leads to production of a

truncated version of the viral neuraminidase protein that is expressed on the cell surface
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and is enzymatically active. On the host side, we identify an excess of non-AUG start

codons on transcripts that are upregulated during the anti-viral response. Together, our

results highlight how alternate translation initiation can alter the protein-coding capacity of

both viruses and the cells that they infect.

3.4 Results

3.4.1 Evolutionary analyses suggest selection against CTG start sites during influenza

adaptation to mammalian hosts

We first examined whether we could identify any bioinformatic signature of evolutionary

selection against alternate translation initiation. Such selection would occur if alternate

translation initiation products are deleterious to the virus. One reason that such products

might be deleterious is because they can serve as CD8 T-cell epitopes [24, 205, 34,

227, 179, 193]. Human influenza virus evolves under pressure to escape CD8 T-cell

immunity [131, 160, 213], so we hypothesized that the virus might minimize the number

of alternate translation initiation sites as it adapts to humans.

We focused our bioinformatic analysis on alternate translation initiation at CUG codons

for multiple reasons. First, several reporter studies have shown that CUG can serve

as an alternate translation initiation codon [155, 46, 191, 192, 225]. Second, genome-

wide ribosome profiling studies suggest that CUG is the most common non-AUG start

codon [94, 121, 62]. Third, CUG-initiated peptides can serve as CD8 T-cell epitopes [48,

177, 192, 219, 191]. Finally, recent evidence suggests that immune responses and viral

infection cause specific upregulation of CUG initiation [191, 159].

One way to identify signatures of selection during influenza virus evolution is to com-

pare changes in the genomes of viral lineages that have adapted to different host species [73,

197]. Such host-specific adaptation occurs frequently when the virus jumps from its nat-

ural reservoir—wild waterfowl—to other host species including humans and swine [200].

We speculated that these host jumps could lead to selection against CD8 T-cell epitopes.
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Because humans are long lived and accumulate more adaptive immune memory, we fur-

ther expected that immune selection on influenza will be generally stronger in humans

than in birds and swine [147, 66, 218, 210, 103, 10]

For our analysis, we examined five sets of influenza virus sequences. The first set

includes human viruses descended from the 1918 pandemic strain, which is believed to

have originated from an avian virus that jumped to humans [201, 162, 187]. Five of the

eight segments in contemporary human H3N2 influenza virus (PB2, PA, NP, M, and NS)

are descended in an unbroken lineage from the 1918 virus, and so have been adapting to

humans for a century. We analyzed the protein-coding genes on these five segments. The

second set includes the same genes from the classical lineage of swine influenza, which

is thought to have also arisen from an avian viral strain around 1918 [201, 162, 187]. Our

third and fourth sets comprise these genes from viruses that were isolated from ducks and

chickens, respectively. Since birds represent the virus’s natural reservoir [153], we expect

these viruses to be relatively stably adapted to their hosts. Our fifth set is sequences

from human H5N1 infections, which are zoonotic infections by avian viruses that have

had minimal time to adapt to humans [223].

To identify bioinformatic signatures of selection against alternate translation initiation,

we began by examining whether there was depletion of CUG codons in reading frame

0 (in-frame with the canonical AUG) in human influenza. We found that the number of

CUG codons in reading frame 0 of the human influenza virus lineage decreased over time

(Fig. 7A, upper panel), with the recent human H3N2 viruses having about 40% fewer in-

frame CUG codons than the 1918 virus. We also saw a similar trend in the swine lineage,

suggesting that the loss of CUG codons results from a mammalian-specific rather than

a human-specific evolutionary pressure. There is no notable decrease in the number of

CUG codons in the avian viral sequences, which consistently have an in-frame CUG con-

tent similar to that of the 1918 virus. The in-frame CUG content of sequences from human

H5N1 viruses (which mostly result from one-off infections with avian viruses) is similar to

that of the avian and 1918 sequences. Notably, we did not see a comparable decrease in
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frequency of CUH (H = A/C/U) leucine codons in any of the five lineages (Fig. 7A, lower

panel), indicating that the depletion of in-frame CUG codons is not attributable to a gen-

eral selection against CUN leucine codons. This depletion is also not due to selection

against the amino acid leucine or biochemically similar amino acids (Fig. 13). The de-

pletion against CUG codons is still observed if we correct for each sequence’s nucleotide

composition (Fig. 14).

Since the sequence context of a start codon plays an important role in determining how

efficiently it can mediate translation initiation, we examined whether there is especially

strong selection against CUG codons in sequence contexts that favor translation initiation.

For AUG start codons, a purine at position -3 and a G at +4 can increase efficiency of

initiation [109]. A recent reporter study has shown that CUG-mediated translation initiation

is also promoted by a G at +4 [46]. Consistent with this study, we found that CUG initiation

sites identified in mammalian transcripts using ribosome profiling are enriched for G at

the +4 position (Fig. 15). Given the importance of the G at the +4 position, we examined

whether there were differences in the depletion of in-frame CUGG and CUGH motifs in

influenza virus. Indeed, we found that there is a more pronounced decrease in CUGG

motifs than CUGH motifs in both human and swine viral lineages (Fig. 7B).

We next examined whether there was also selection against CUG codons that oc-

cur out-of-frame with the canonical AUG codon, as initiation in reading frames 1 and 2

would also generate novel peptides. We did not find evidence for selection against CUG

codons in reading frames 1 and 2 (Fig. 14). However, in reading frames 1 and 2, elimi-

nating the start codon is not the only way to eliminate long peptides initiated by alternate

translation—these peptides can also be eliminated by introducing an early stop codon

that shortens the peptide initiated by the alternate start codon. We therefore examined

the length of putative CUG-initiated ORFs in reading frames 1 and 2. The human and

swine viral lineages are depleted of long putative CUG-initiated ORFs (Fig. 7C, upper

panel). Again, this selection is specific for CUG, since there is no host-specific depletion

in long putative CUH-initiated ORFs (Fig. 7C, lower panel).
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Since the viral sequences used in our analyses are phylogenetically related, we cannot

easily test for the statistical significance of these evolutionary signals [55]. Nevertheless,

the above analyses reveal bioinformatic signals consistent with selection against CUG-

initiated alternate translation products in influenza virus lineages that have evolved in

humans and swine.

3.4.2 Systematic experimental profiling of translation initiation during influenza virus in-

fection

Having established that human-adapted lineages of influenza virus exhibit signatures con-

sistent with selection against alternate initiation at CUG codons, we sought to experimen-

tally delineate the codons in influenza transcripts that could serve as potential sites of

translation initiation during infection of a human lung epithelial cell line (A549). To this

end, we employed ribosome profiling [93], a deep sequencing method for genome-wide

quantification of ribosome-protected mRNA fragments. We performed two different varia-

tions of the ribosome profiling assay (Fig. 8A). We used the standard ribosome profiling

method (Ribo-seq) to capture both elongating and initiating ribosomes. We did not add

the elongation inhibitor cycloheximide to cells, since there can be artifacts associated with

cycloheximide treatment [68]. We also performed a variation of ribosome profiling that en-

riches for initiating ribosomes [121] by pre-treating cells for 30 minutes with lactidomycin,

a drug that preferentially binds empty E-sites of initiating ribosomes [176] thus allowing

elongating ribosomes to run off mRNAs. Finally, we performed RNA-seq to profile the

genome-wide transcriptional changes that occur during influenza infection.

Anti-viral pathways have been shown to induce alternate translation initiation at CUG

codons in reporter assays [159]. Therefore we also examined whether antiviral responses

induced by interferon-β pretreatment alters the landscape of translation initiation in in-

fluenza virus. Altogether, we performed Ribo-seq and RNA-seq assays on four different

samples of A549 cells (Fig. 8A): untreated cells (ctrl), interferon-β treated cells (+ifn), in-
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fluenza virus infected cells (+vir), and cells that were pre-treated with interferon-β and

subsequently infected with influenza virus (+ifn +vir). We utilized a reassortment virus

with the polymerase components from A/PuertoRico/1934 and the remaining viral seg-

ments from A/WSN/1933. We used a high multiplicity of infection (MOI) such that most

cells were productively infected by virus. We harvested cells 5 hours after viral infection,

at which time the virus is expected to be amply transcribing and translating its mRNAs,

but will not yet have undergone secondary rounds of infection [78, 174].

To detect potentially low levels of alternate translation initiation at CUG codons in in-

fluenza transcripts, we used a mix of two viruses that were synonymously recoded in their

NP gene to either deplete the number of in-frame CUG codons (low CUG NP), or to in-

crease the number of such codons (high CUG NP) (Fig. 16). Our rationale for recoding

CUG codons in this gene is that NP is a major source of CD8 T-cell epitopes [228, 79],

and previous work suggested that CUG codons may initiate peptides that contribute to the

immune epitope pool [191, 159]. Using this virus mix allowed us to have an internally con-

trolled experiment: if a CUG codon in the high CUG NP variant can initiate translation, we

should be able to preferentially detect it against the low CUG NP variant background even

in the presence of end-specific sequence biases in the ribosome profiling method [5].

Deep sequencing of ribosome protected fragments yielded 15–40 million reads, of

which 2–3 million reads could be mapped to human or influenza transcripts after standard

preprocessing steps (Fig. 17A). As observed previously [13], 15–25% of influenza-aligned

reads mapped to the negative sense influenza genomic RNAs (Fig. 17A). In contrast to

the reads mapping to the positive sense strand of influenza (Fig. 8C), the negative sense

reads did not show a characteristic peak around the size of a ribosome footprint (Fig. 17D),

and likely arise from co-purification of influenza genomic RNAs that are protected from nu-

clease digestion due to their association with the viral NP protein [52, 120]. Therefore, we

only considered reads that mapped to the positive sense strand of influenza transcripts for

the remaining analyses. Reads mapping to influenza transcripts accounted for between

29–39% of the mapped reads in the virus-infected samples (Fig. 8B), consistent with our
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use of high MOI. As expected, interferon-β pretreatment reduced productive infection, and

reads mapping to influenza transcripts only accounted for 6-13% of aligned reads in the

+ifn +vir sample (Fig. 8B).

We performed additional checks to ensure adequate quality of our Ribo-seq data.

Ribo-seq reads mapping to either human and influenza transcripts had read lengths

between 29–34 nucleotides (Fig. 8C, Fig. 17B). This length distribution was on aver-

age a few nucleotides wider and longer than observed in other ribosome profiling stud-

ies [94, 91, 126], likely because of less stringent RNase I digestion. We assigned the

ribosome P-site to either the 14th or 15th nucleotide from the 5′ end of footprint reads

depending on their length (see Methods). Consistent with previous observations [121],

mean P-site density in the Ribo-seq + LTM samples showed >100-fold enrichment at the

annotated start codons of both human and influenza transcripts (Fig. 8D, Fig. 17C). P-

site density in the Ribo-seq samples exhibited a peak at start and stop codons and was

distributed within the coding region of human and influenza transcripts (Fig. 8E, Fig. 17C).

The mean P-site density in Ribo-seq samples displayed the expected 3-nucleotide

periodicity along human transcripts (Fig. 17E), and was enriched in frame 0 of both hu-

man and influenza coding sequences (Fig. 8F, 17F). Notably, the known 191 nucleotide

dual-coding region in the NS segment of the influenza genome [116] had a distinct P-

site density distribution across the three reading frames compared to the single-coding

region of the same segment (Fig. 8G, 17G). This dual-coding signature was present but

less pronounced in the known dual-coding regions of M (45 nucleotides) and PB1 (261

nucleotides) segments (Fig. 8G, 17G), likely because M2 and PB1-F2 are expressed at

lower levels during infection [112, 88, 207].

Finally, we used our sequencing data to evaluate the quality of the virus stocks used

in our experiment. Virus stocks contain virions that range in biological activity, including

virions defective in replication (defective particles) [214, 85, 29, 97, 42]. For influenza

virus, defective particles often contain large internal deletions in the polymerase seg-

ments [214, 85, 29, 175, 97, 42]. The presence of defective particles with internal dele-



39

tions would diminish our ability to detect alternate initiation sites within the deleted regions.

However, the burden of defective viral particles can be reduced by growing virus for a

short amount of time and at a low MOI, as defective viral particles increase in frequency

when viruses are grown at a high MOI where complementation of deleterious genotypes

can occur [224]. The even read coverage across the polymerase segments in our data

(Fig. 18B) indicates that we had a low burden of defective particles. This low burden was

particularly evident when we compared our data to a previous ribosome profiling study of

influenza virus infected cells (Fig. 18A) [13].

3.4.3 Translation initiation sites in the viral genome

We next used the Ribo-seq and Ribo-seq + LTM measurements to annotate candidate

translation initiation sites (TIS) in the influenza genome. Our general strategy to identify

candidate TIS was to find peaks in Ribo-seq + LTM coverage within each influenza tran-

script that was significantly higher than both the Ribo-seq coverage at the correspond-

ing location and the background Ribo-seq + LTM coverage distribution for that transcript

(Fig. 9A). Specifically, we used a zero-truncated negative binomial distribution (ZTNB) to

statistically model the background distribution of Ribo-seq and Ribo-seq + LTM counts

in each transcript [206, 64]. Candidate start sites were identified based on the following

criteria: The ZTNB-based P-value for the Ribo-seq + LTM count at that location must be

<0.01 and 1000-fold higher than the P-value of the Ribo-seq counts at the same loca-

tion (Fig. 9A, left panel), or must have an absolute value less than 10−7. In addition, the

Ribo-seq + LTM counts must be a local maximum within a 30 nucleotide window (Fig. 9A,

right panel), and the Ribo-seq counts must be non-zero. To account for the 1–2 nucleotide

positional uncertainty of the P-site density in our Ribo-seq and Ribo-seq + LTM measure-

ments, we pooled the read counts in 3 nucleotide windows before applying the above

criteria.

We applied our candidate TIS identification strategy to each influenza transcript (Fig. 19)
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separately for the +vir and +ifn +vir samples. We assigned the candidate TIS peaks to

any near-cognate AUG codon (at most one mismatch from AUG) if that codon was within

1 nucleotide of either side of the TIS peak. We identified a total of 25 candidate TIS

across both samples (Fig. 20). Fourteen of the 25 identified TIS overlapped between the

two samples (Fig. 9B), and we used this overlapping subset as a high-confidence set of

candidate TIS for downstream analyses. We did not detect a higher number of candidate

TIS in our +ifn +vir sample compared to the +vir sample (4 vs. 7, Fig. 9B), suggesting

that anti-viral response as mediated by interferon-β induction does not result in detectably

higher number of alternate translation initiation sites in influenza transcripts [159]. An im-

portant caveat to this observation is that the Ribo-seq + LTM assay is likely to miss TIS that

have a low frequency of initiation, but could still be detectable by sensitive immunological

assays [191, 80].

The high-confidence set of 14 candidate TIS had multiple features consistent with

being bona fide TIS. First, this set included 7 of the 8 annotated TIS (aTIS) for the 8 seg-

ments in the influenza genome (Fig. 9E). Only the annotated TIS of the PB2 segment was

not identified, and this is due to the dense Ribo-seq + LTM coverage and lack of clear

peaks in this segment (Fig. 9D, bottom right panel). Second, our set also correctly identi-

fied the start codon for two previously annotated protein products generated by initiation

in an alternate reading frame of the PB1 and M genes. Initiation in the +1 reading frame

at nucleotide 118 in the PB1 gene generates PB1-F2 (Fig. 9D, arrow). Initiation in the +1

reading frame at nucleotide 113 in the M segment is also a known to occur [221]. Third,

13 of the 14 candidate TIS had an AUG codon within 1 nucleotide even though less then

3% of trinucleotides in the influenza genome are AUG (Fig. 9F, top vs. bottom). Fourth,

both the annotated and the novel candidate TIS in our set had an over-representation

of A at –3 nucleotide and G at +4 nucleotide positions (Fig. 9C), which are known to be

optimal contexts for translation initiation in vertebrate cells [109]. Finally, the candidate

TIS are enriched towards the 5′ end of the transcripts, with 13 of the 14 candidate TIS

located in the initial third of the influenza transcripts (Fig. 9G). This last observation is
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consistent with the initiation of candidate TIS through scanning by the 43S pre-initiation

complex from the 5′ end [108].

Six of the 7 alternate TIS in our candidate set are AUG codons that are downstream

of the respective canonical aTIS (Fig. 9E). This downstream location of alternate TIS is

expected given the short 5′ UTR (around 20 nucleotides) of influenza transcripts. While

previous translation initiation profiling studies have identified a large number of putative

non-AUG TIS [94, 121], these are predominantly located in the much longer 5′ UTRs of

mammalian transcripts, upstream of aTIS. Even for mammalian transcripts, a majority of

TIS identified downstream of annotated start codons are at AUG codons [215].

The alternate dTIS in our high-confidence set are distributed across multiple influenza

segments: M, NA, NP, PB1, and PA (Fig. 9D, Fig 21). Ten of the 13 high-confidence TIS

initiating at AUG are located in the canonical reading frame 0 (Fig. 9H). This set includes

7 annotated AUG starts, as well as three in-frame downstream AUGs in NA, NP, and

PA segments that would result in N-terminally truncated forms of the annotated proteins.

The three out-of-frame candidate dTIS are the known PB1-F2 ORF [35], the known start

codon at nucleotide 113 of the M gene [221], and a short ORF of length 2 in NA (Fig. 9I,

top panel). Excluding the well-characterized PB1-F2 ORF, the two candidate out-of-frame

candidate ORFs have lengths that are typical of out-of-frame AUG-initiated sequences in

the influenza genome (Fig. 9I, lower panel).

Among the other alternate translation initiation sites in the influenza genome that have

been described previously, we did not find evidence for the initiation sites previously noted

in PA and PB1 [35, 230, 220, 1, 2, 139]. This could be because of low initiation frequency

at these sites under our infection conditions. Re-analysis of the harringtonine-treated

ribosome profiling data from Ref. [13] revealed P-site count peaks that coincided with all

the 7 annotated TIS as well as 3 of the 7 downstream TIS identified in our experiments

(Fig. 22). Among the 4 dTIS that could not be clearly associated with a harringtonine peak,

3 are >200 nucleotide from the 5′ end of the transcripts, and could have been potentially

affected by the high fraction of defective viral particles in [13] (Fig. 18A). Interestingly, the
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dTIS in our dataset without a corresponding harringtonine peak is an in-frame AUG in the

NA segment that is mutated to the near-cognate CUG codon in the PR8 influenza strain

used in [13].

3.4.4 Translation initiation at CTG codons in influenza NP

As mentioned previously, our infections were performed with a mix of two otherwise iso-

genic viruses that were recoded to have different numbers of CUG codons in the NP gene

(Fig. 16). This experimental design allows us to sensitively look for CUG initiation that

cannot be detected by the start-site calling method in the previous section, but might still

be detectable via an internally controlled comparison of the two NP variants.

Specifically, the high CUG NP variant has 20 leucine codons that were synonymously

mutated to a non-CUG codon in the low CUG NP variant (Fig. 10A). We examined if there

was evidence of enhanced initiation at any of these codon sites in the high CUG NP vari-

ant. Between 35% and 42% of reads mapping to NP could be uniquely assigned to either

the high or low CUG NP sequences based on polymorphisms due to the synonymous

mutations. These reads mapped to the two variants at a nearly equal (1:1.3 ratio) overall

proportion (Fig. 10A). The ratio of P-site density between the two variants at individual NP

sites obtained from the uniquely-mapping reads varied over a 500-fold range (Fig. 10B).

Among the sites with an excess of high CUG NP P-site density, the CUG codon 322

nucleotides from the annotated TIS displayed the largest such excess with 16-fold more

reads for the high CUG NP variant than the low CUG NP variant (Fig. 10B, red point).

This excess P-site density was present in both the Ribo-seq and the Ribo-seq + LTM data

(Fig. 10C). The length distribution of the reads generating this excess was consistent

with them being derived from ribosome-protected fragments (Fig. 23). The excess P-site

density at CUG322 did not arise from 3′ ends of reads mapping to the nearby recoded

CUG328 (Fig. 24). The +ifn +vir sample displayed a similar excess of density at site 322

for the high CUG NP variant (Fig. 25).
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To examine whether CUG322 could initiate translation in the high CUG NP variant, we

used Western blots of heterologously expressed NP variants. However, we were unable to

resolve any protein fragment of appropriate size that was present only in the high CUG NP

variant (Fig. 26). It is possible that there is no initiation at this site, or that initiation occurs

but at a very low level, consistent with the low overall Ribo-seq + LTM P-site density at

CUG322 compared to the other locations on NP. In that case, more sensitive immunolog-

ical assays [191, 80] might be necessary to identify initiation at CUG322 and other CUG

codons in the high CUG NP variant. Another important caveat is that LTM treatment may

not effectively arrest CUG-initiating ribosomes. Indeed, evidence for CUG-based initiation

being refractory to several translation inhibitors has been noted in previous reporter-based

studies [191].

3.4.5 Functional characterization of an in-frame alternate start site in NA

Among the three in-frame alternate TIS identified by our Ribo-seq experiments (Fig. 9D),

the AUG at nucleotide 43 from the aTIS of the neuraminidase (NA) gene had the high-

est statistical significance in our start site calling method (Fig. 20). This candidate TIS

(Fig. 11A) had several other features that prompted us to investigate it in further detail.

The AUG43 in NA has a favorable translation initiation context, with a G at +4 nu-

cleotides (Fig. 11B). The function of NA is to mediate viral egress by cleaving the viral

receptor sialic acid from the cell surface [152, 129]. NA is a type II membrane pro-

tein [25, 143], meaning that the cytoplasmic tail and the transmembrane domain are at

the N-terminus and the ectodomain is at the C-terminus (Fig. 11B). The truncated NA

protein resulting from translation initiation at AUG43 would lack the cytoplasmic tail and

the first few amino acids of transmembrane domain. Interestingly, classical studies of type

II membrane proteins characterized a series of artificial mutants of NA in an effort to de-

termine the motifs required for membrane insertion of the protein [31, 83]. One of these

NA mutants was an N-terminal deletion in which the first 42 nucleotides were removed,
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effectively creating the NA43 protein that would be generated by translation initiation at

AUG43. In the context of a protein expression plasmid, this NA N-terminal deletion was

efficiently expressed and localized to the cell surface, indicating that the signal and anchor

domains are reasonably intact [31, 83]. On the basis of this prior work, we hypothesized

that any NA43 protein generated by alternate translation initiation at AUG43 of the wild-

type NA gene would also create a cell-surface NA protein lacking the cytoplasmic tail and

a portion of the transmembrane domain.

We analyzed the sequences of NA genes across different influenza lineages to exam-

ine if the AUG43 codon is evolutionarily conserved. Most N1 avian influenza and human

pdmH1N1 NAs have an AUG at nucleotide 43, as do the majority of N1 swine influenza

NAs (Fig. 11C). Some human seasonal H1N1 NAs and N1 swine influenza NAs lack an

AUG at nucleotide 43, but these strains usually have another near-cognate start codon

at the site instead (Fig. 11C). Therefore, the candidate downstream start site at NA nu-

cleotide 43 is present in most N1 influenza strains.

We next sought direct experimental evidence for the NA43 protein initiated by the

downstream start site. Towards this, we generated a series of mutants of the NA from the

WSN strain of influenza. In these constructs, we mutated one or both of the canonical

and candidate downstream start site to codons that are not near-cognate AUG codons.

1wt43wt contains the wildtype AUG codon at both the canonical and candidate downstream

start sites, 1GUA43wt has the canonical start codon mutated to GUA, 1wt43GUA and 1wt43UUA

have the candidate downstream start site mutated to GUA or UUA, and 1GUA43GUA and

1GUA43UUA have both codons mutated to the indicated identities. If both the canonical and

downstream start sites initiate translation, then these constructs should encode both, just

one, or neither of the full-length NA and NA43 proteins.

We first used these constructs to test whether NA43 is produced and localized on

the cell surface. We did this by transfecting 293T cells with protein expression plasmids

encoding the various NA mutants with a C-terminal V5 tag, which does not disrupt NA

folding or function and can be detected by flow cytometry [84]. NA protein was detected
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on the surface of cells transfected with plasmids encoding mutants that lacked an AUG

at the canonical start codon (Fig. 11D, top left). Specifically, transfection of cells with the

1GUA43wt mutant led to ∼24% of the cell-surface NA found in cells transfected with wild-

type NA. Production of this cell-surface NA in mutants lacking the canonical start codon is

mostly dependent on the candidate downstream start site at nucleotide 43, since mutants

that lack AUG at this position (1GUA43GUA and 1GUA43UUA) had much lower levels of cell-

surface NA (Fig. 11D, top left). Interestingly, when we mutated the candidate downstream

start site but not the canonical start site (mutants 1GUA43wt and 1wt43GUA), we saw similar

or even higher levels of cell-surface NA (Fig. 11D, top left). The slight increase could be

because the amino acid mutations in these two constructs could increase NA expression

or stabilize the protein (it is not possible to make a synonymous mutation to the down-

stream start site since AUG is the only codon for methionine). Such an increase in NA

expression or stability is consistent with previous observations that a variety of amino acid

mutations increase cell-surface NA levels [18, 19, 33, 41, 148].

We also quantified the levels of NA’s enzymatic activity. As has been described previ-

ously [18], this can be done simply by transfecting cells with NA protein-expression plas-

mids and then measuring the total cell-surface enzymatic activity using the fluorogenic

surrogate substrate MUNANA [158]. The results of the enzymatic activity assay mirror

the surface expression (Fig. 11D, top left). Specifically, the mutant with only the down-

stream start site has ∼34% of the cell-surface activity of the wildtype NA, and this activity

is largely dependent on having an AUG at position 43.

To confirm these results in another viral strain, we generated a similar set of mutants

of the NA from the A/California/04/2009 (CA09) strain, which is a human isolate from the

pdmH1N1 lineage. The results for this NA were broadly similar to those for the WSN

strain: mutants without the canonical start codon still had detectable cell-surface pro-

tein and activity, which were largely dependent on having an AUG codon at position 43

(Fig. 11D, right panels). Therefore, the AUG at position 43 of NA is capable of initiating

translation in multiple viral strains.
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The results in Fig. 11D demonstrate that that the codon at position 43 can initiate

translation in the absence of the canonical start site. However, because the assays used

in those experiments cannot disambiguate between full-length NA and NA43, they do not

fully validate the ribosome profiling data suggesting that the codon at position 43 initiates

translation even in the presence of the canonical start site. We therefore performed West-

ern blots to directly distinguish between full-length NA and NA43 on the basis of the size

of the resulting protein.

NA43 is only 14 amino acids shorter than the 453 amino acid full-length NA. This size

difference is difficult to resolve by Western blotting, so we created synthetic constructs by

fusing the 5′ end of the NA gene (the 5′ UTR and the first 120 nucleotides of NA) to a short

histone (H2B) coding sequence and a C-terminal V5 tag which results in a 180 amino acid

reporter. Following the stop codon of the V5 tag, we retained the rest of the NA coding

sequence. We again created variants of these synthetic constructs in which the individual

AUGs were mutated to codons that are not near-cognate starts. Upon transfecting these

constructs into HEK293T cells, the wildtype NA construct shows two bands (lane 2 of

Fig. 11E) which run at the expected sizes for proteins initiated at the canonical AUG and

the downstream AUG43. Constructs that lack AUG43 only show the band for full-length

NA (lanes 3 and 4 of Fig. 11E), and a construct that lacks the canonical AUG start site only

shows the band for NA43 (lane 5 of Fig. 11E). The mutants lacking an AUG at both the

canonical start site and position 43 had an unexpected band intermediate in size between

the full length NA and NA43 (lanes 7 and 8 of Fig. 11E). However, mutating a near cognate

putative start codon at position 28 (lane 7 of Fig. 27A) largely eliminates this cryptic band.

As an additional check for initiation at AUG43 in the presence of upstream starts, we

also generated constructs that introduce a frameshift just preceding position 43, such that

any initiation that occurs 5′ to the frameshift will generate products that are not detected

by our V5 antibody. Only the construct that contains an AUG at position 43 (and not GUA

at position 43) produces a NA43 band (lane 5 versus lane 6 of Fig. 27B). Therefore, we

conclude that the AUG at position 43 can initiate translation in both the presence and
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absence of the canonical AUG start codon.

We next examined the extent to which NA43 could complement NA during viral repli-

cation. To do this, we used reverse genetics [82] to attempt to generate WSN influenza

viruses with NAs that lacked one or both of the start sites. By far the highest viral titers

were obtained by using the wildtype NA (Fig. 11F). However, we also obtained low but

detectable viral titers when using NA that lacked the canonical start codon but had the

AUG at position 43, but obtained no detectable viral titers when both start codons were

mutated (Fig. 11F). The much lower viral titers when using the mutant that just produces

NA43 could be due to a combination of reduced expression and the possible failure of NA

protein lacking the cytoplasmic tail and a portion of the transmembrane domain to effec-

tively localize to regions of viral budding [114, 128, 231, 9, 142, 124]. Notably, there was

no detectable change in viral titer if we mutated the AUG at position 43 but maintained the

canonical start codon. Therefore, although NA43 can weakly complement for full-length

NA, it is not important for viral growth in the presence of full-length NA in cell culture.

The results in Fig. 11F suggest that NA43 does not substantially contribute to viral

growth in cell culture, but simply titering viral supernatants generated by reverse genet-

ics is a relatively insensitive way to quantify how mutations affect growth. We therefore

performed competition assays between viruses with wildtype NA and NA lacking the start

site at position 43, since such assays are a more sensitive way to detect small differences

in viral fitness [6]. We performed these assays by mixing virus with wildtype NA with ei-

ther the 1wt43GUA or 1wt43UUA mutant in roughly equal proportion, and then allowing the

viruses to compete in low-MOI infections in cell culture. We then used deep sequencing

to quantify the relative ratio of the wildtype and mutant NAs both prior to extensive sec-

ondary replication (10 hours post-infection) or after many rounds of replication (72 hours

post-infection). If NA43 is important for viral fitness in cell culture, then we would expect

virus with the wildtype NA (which has the start codon for NA43) to become enriched rel-

ative to either mutant. However, there was no enrichment of virus with the wildtype NA

(Fig. 11G), indicating that NA43 is not detectably important for viral fitness in cell culture
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in the presence of full-length NA.

We next considered the possibility that NA43 might contribute to viral fitness only in

vivo. For instance, it is known that NA has additional roles that impact fitness in vivo, such

as helping the virus access cells in the presence of mucins [134]. We therefore performed

similar competition assays in mice, sequencing the viral population in the mouse lung 4

days after a low-dose infection with a mix of the wildtype and mutant viruses. In the mice,

we did see enrichment of the wildtype virus relative to the 1wt43GUA NA mutant (Fig. 11H),

but this was not statistically significant (Fig. 11H legend). Furthermore, the enrichment

was present only for the 1wt43GUA mutant but not for the 1wt43UUA mutant, making it hard

to disambiguate effects due to the lack of NA43 from the effects of introducing an amino

acid substitution in NA that eliminates the downstream AUG. Therefore, our experiments

did not reveal an unambiguous contribution of NA43 to viral fitness in the presence of full

length NA either in cell culture or in a mouse model of infection.

Translation initiation on host transcripts during influenza infection and anti-viral response

Influenza virus infection and the host anti-viral response alter the expression of many host

genes. For example, transcript levels of oxidative phosphorylation genes are refractory

to host shutoff during influenza infection [13], and several hundred interferon-stimulated

genes are induced during the host anti-viral response [173]. We sought to use our Ribo-

seq and Ribo-seq + LTM data to examine translation initiation on host transcripts during

influenza infection and the host anti-viral response.

Our strategy for calling translation initiation sites (TIS) on host transcripts was similar

to the one we used for influenza transcripts (Fig. 9A). We used less stringent criteria to

account for the lower read coverage of host transcripts compared to influenza transcripts

(see Methods). We validated our TIS calling strategy for host transcripts using data from

a previous study [121]. Our calling method resulted in slightly higher number of annotated

TIS and lower number of downstream and upstream TIS than in the TISdb database [215]
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created using the same data (Fig. 12A). This observation is expected from our conserva-

tive strategy of using Ribo-seq data in addition to Ribo-seq + LTM data to decrease false

positives resulting from library preparation biases.

Application of our TIS calling strategy to the four samples in our study identified around

2000 candidate TIS in each sample (Fig. 12B). Across all four samples, over 75% of

the called TIS were within 1 nucleotide of AUG codons, with CUG and GUG being the

next most abundant codons at the called TIS (Fig. 12B). This proportion of AUG and

near-cognate AUG codons was similar to those observed with data from HEK293T cells

(Fig 28A) [121]. 875 of the called TIS were shared between all 4 of our samples (Fig. 12C),

which we designate as high-confidence TIS for further analyses. Among these high-

confidence TIS, over 60% corresponded to annotated canonical start codons (Fig. 12D),

further validating our start site calling strategy. Less than half of the high confidence TIS

identified in our study were shared with those identified from earlier work on HEK293T

cells (Fig 28B). This modest overlap in called TIS likely reflects the distinct gene expres-

sion landscape between the A549 cells used in our study and HEK293T cells (Fig 28C).

The uTIS were highly enriched for near-cognate AUG codons in comparison to dTIS

among the high-confidence TIS (Fig. 12E), recapitulating previous observations (Fig. 28D) [94,

121].

Previous reporter studies found that non-AUG initiation could be specifically up-regulated

under conditions of inflammation or infection leading to antigenic presentation of cryptic

peptides [159]. We first sought to test the generality of this observation at the genome-

wide level using our called TIS set. Comparison of number of called TIS between our

four samples (Fig. 12B) did not reveal a globally higher proportion of non-AUG TIS upon

influenza infection, interferon-β stimulation, or under both stimuli relative to the uninfected

control sample (P > 0.05 for all three treatments, binomial proportion test). Since non-

AUG TIS tend to be enriched among uTIS and dTIS in comparison to aTIS (Fig. 12E),

consistently, we also did not find a higher proportion of uTIS or dTIS upon any of the

stimuli relative to the uninfected control sample (P > 0.05 for all three treatments for both
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uTIS and dTIS, binomial proportion test; Fig. 28E).

We then considered the possibility that the degree of increased non-AUG initiation

during influenza infection or interferon-β stimulation might be too weak to be detected as

a globally higher number of non-AUG start codons in our TIS set called using the Ribo-seq

+ LTM data. However, even a slightly higher degree of non-AUG initiation during these

inflammatory stimuli might favor evolutionary selection for a higher proportion of non-AUG

TIS in genes that are specifically up-regulated under these conditions. To test if there

is a higher proportion of non-AUG TIS among induced genes, we first identified genes

that were induced greater than 2-fold (average of Ribo-seq and RNA-Seq counts) under

each of the three treatments in our study. Interferon-β treatment or interferon-β treatment

followed by influenza infection resulted in up-regulation of around 300 genes (>2-fold,

Fig. 12F). As expected, the most highly induced genes are well-characterized interferon-

stimulated genes such as MxA or IFIT1. The genes induced upon either interferon-β

treatment or interferon-β treatment followed by influenza infection show a high degree

(> 90%) of overlap (Fig 28F). By contrast, influenza infection on its own resulted in up-

regulation of a small set of 16 genes (>2-fold, Fig. 12F) including only a few interferon-

stimulated genes. This observation is consistent with recent work showing that activation

of immune pathways by influenza virus is rare at the single cell level during infections with

viruses that have relatively few defective particles [174].

We examined the TIS codon identity and type in induced genes, and compared it to

a control set of all TIS that were called in any of our samples. This analysis revealed

that genes that were induced upon either interferon-β treatment or interferon-β treatment

followed by influenza infection had a higher proportion of near-cognate AUG TIS relative

to AUG TIS [34% (+ifn induced genes) / 33% (+ifn +vir induced genes) vs 26% (all genes),

P = 0.02, binomial proportion test, Fig. 12G]. uTIS and dTIS were also present in higher

proportion than aTIS among the interferon-induced genes, as expected from the over-

representation of non-AUG codons among these TIS types [59% (+ifn induced genes) /

58% (+ifn +vir induced genes) vs 47% (all genes), P < 0.01, binomial proportion test,
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Fig. 12H]. We did not find the proportion of near-cognate AUG TIS or uTIS and dTIS in

the influenza-induced genes to be significantly different from those in all genes (P > 0.05,

binomial proportion test, Fig. 12G). This lack of statistical significance is likely due to the

meager number of called TIS (N=5) in the set of influenza-induced genes. One important

caveat that could bias these observations which are based off our Ribo-seq + LTM data is

the runoff of elongating ribosomes caused by the lactidomycin treatment. The increased

proportion of free ribosomal subunits under these conditions could lead to artifactual de-

tection of initiating ribosomes at start sites that are not normally used in the absence of

lactidomycin treatment. However, there is no a priori reason why such artifactual detection

will favor an increased proportion of non-AUG initiation specifically on interferon-β induced

transcripts over the remaining transcripts. Thus our observations are consistent with the

hypothesis [159] that near-cognate AUG initiation at non-canonical start sites might be

more common in an anti-viral cellular state induced by interferon-β treatment. However,

in our data this increase arises from the presence of more non-canonical start sites in

transcriptionally induced genes, rather than increased non-canonical initiation on existing

transcripts.

Discussion

We have performed the first comprehensive characterization of translation initiation sites

on viral and host transcripts during influenza virus infection. In viral transcripts, we iden-

tified a total of 14 high confidence translation initiation sites, including 7 of 8 canonical

translation initiation sites and two previously characterized non-canonical translation initi-

ation sites: PB1-F2 [35] and a start site at nucleotide 113 of M [221]. The seven alternate

start sites that we identified were distributed across the PB1, M, NP, NA, and PA seg-

ments, and we found candidate novel N-terminal truncations in NP, PA, and NA.

We biochemically validated one of the new viral alternate start sites, a downstream

AUG at codon 43 of NA. We showed that the NA43 protein initiated by this start site is
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produced even in the context of the canonical start site, is expressed on the cell sur-

face, and is enzymatically active. In addition, this NA43 protein is capable of supporting

low levels of viral growth even in the absence of full length NA. The AUG codon at 43

is conserved in most N1 viral lineages. However, we were unable to find any evidence

that NA43 impacts viral fitness in cell culture or mice, at least at the relatively low res-

olution with which viral fitness can be measured in laboratory settings. The N-terminal

cytoplasmic tail of NA helps localize the protein to areas of viral budding on the cell sur-

face [114, 128, 231, 9, 142, 124]. Therefore, the N-terminally truncated NA43 could local-

ize to different regions of the cell surface than full-length NA. It is interesting to speculate

whether such altered localization of the NA43 protein could have some phenotypic signif-

icance, such as reducing viral coinfection [86].

One of the motivations for our study was to search for evidence of alternate translation

initiation at CUG codons in influenza virus. We hypothesized that initiation at such codons

might lead to immune recognition of influenza virus, since CUG codons can initiate im-

mune epitopes [24, 205, 34, 227, 179, 193], and initiation at CUG codons is thought to

be upregulated during conditions of cellular stress including viral infection [191, 159, 229].

We found evolutionary signatures in the viral genome that were consistent with selection

against CUG-mediated translation initiation in lineages of influenza that have adapted to

mammalian hosts. However, we found minimal experiment support for CUG initiation on

influenza transcripts in our ribosome profiling experiments. One possibility is that CUG

initiation does generate evolutionarily relevant immune epitopes, but that the levels of

CUG initiation are too low to be detected by our experimental design. For instance, CUG

initiation could be partially refractory to capture by the translation initiation inhibitor lac-

tidomycin used in our experiments [191], or perhaps only occurs in certain types of cells.

In addition, even extremely low levels of translation initiation that are difficult to detect

by most experimental methods can generate peptides that can still be recognized by T-

cells [80]. A second possibility is that the selection against CUG codons is due to some

pressure unrelated to translation initiation. There are other evolutionary signatures of in-



53

fluenza adaptation to mammalian hosts with uncertain origin, such as the decrease in GC

content of influenza genome during viral adaptation to mammalian hosts [73].

We also did not find significant shifts in global start site usage towards non-AUG trans-

lation initiation during either viral infection of interferon treatment, despite the fact that

CUG initiation has been shown to be enhanced in these conditions using biochemical

and immunological assays [159]. However, the subset of transcriptionally induced genes

upon interferon-β treatment did have a significantly higher number of non-AUG translation

initiation sites than other genes. Whether these alternate start sites serve any biological

function will require further study. One interesting possibility is that the peptides gener-

ated from these non-AUG start sites on anti-viral genes could harbor T-cell epitopes that

are relevant during the host immune response.

Our ribosome profiling experiments used the translation initiation inhibitor lactidomycin

to identify candidate start sites in influenza and host transcripts. One potential concern

is that the extended lactidomycin arrest of initiating ribosomes could cause a traffic jam

of scanning pre-initiation complexes [95] and lead to promiscuous initiation. Indeed more

stringent initiation profiling methods have been developed to address this concern [64].

However, our goal was to detect start sites that might have very low levels of initiation.

Hence we focused on achieving the highest possible sensitivity in our assay at the cost

of possibly inflating the number of upstream start sites. Further, all the novel start sites

identified on influenza transcripts occur downstream of the canonical initiation codon, in-

dicating that traffic jams of pre-initiation complexes is not a major problem in analysis of

the viral data. If anything, downstream start sites might be more prone to being missed by

our method due to blocks caused by the initiating ribosome at the canonical start codon.

Overall, our work provides the first comprehensive analysis of translation initiation dur-

ing influenza virus infection. We identified several new alternate translation initiation sites,

one of which produces a functionally active viral protein that has not been previously de-

scribed. However, we found little evidence for large-scale initiation of translation at non-

canonical start codons such as CUGs on viral transcripts, and only a modest increase
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in the proportion of non-canonical and non-AUG start codons on host transcripts upreg-

ulated during the anti-viral response. The relative paucity of evidence for virally induced

alternate translation initiation in our ribosome profiling experiments is seemingly at odds

with many studies [24, 205, 34, 227, 179, 193, 191, 159, 229] highlighting its potential

role in generating immune epitopes during viral infection, as well as our own evolutionary

analyses suggesting evolutionary selection against putative CUG start sites in the viral

genome. Further work will be needed to resolve this apparent conundrum and define

the extent and significance of alternate translation initiation during viral infection and the

resulting immune response.

3.5 Materials and methods

3.5.1 Data and code availability

All high-throughput sequencing data is available from GEO under accession: GSE114636.

Scripts for performing all analyses and generating figures in this manuscript are available

at https://github.com/rasilab/machkovech_2018.

3.5.2 Evolutionary analysis of selection against initiation at CUG codons in influenza

Influenza sequence sets

To examine signatures of selection against translation initiation at CUG codons in in-

fluenza, we first assembled five influenza sequence sets: human, classical swine, duck,

chicken, and human H5N1 influenza. For these sequence sets we only include the pro-

tein coding sequences from segments that do not reassort in the human influenza lineage

descended from the 1918 lineage: PB2, PA, NP, NS1, M1, M2, and NS2. We retained

sequences for a strain if that strain had sequences for all genes in the gene set. If there

were multiple sequences for a given strain, we kept just one.

All human, H5N1, swine and avian protein coding sequences were downloaded from

https://github.com/rasilab/machkovech_2018
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the Influenza Virus Resource. (http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html)

For human influenza, we kept coding sequences descended from the 1918 virus,

which includes H1N1 from 1918 to 1957, H2N2 from 1957 to 1968, and H3N2 from 1968

to 2011 [49]. Viruses from the 2009 swine-origin H1N1 pandemic were excluded. We

subsampled our sequences so that we kept at most 5 randomly chosen strains per year.

For human H5N1 influenza, we obtained sequences from 1997 to 2011, and did not

subsample our sequences due to the low number of sequences.

For duck influenza, we obtained sequences from 1956 to 2011. We subsampled our

duck influenza sequences so that we kept at most 5 randomly chosen strains per year.

For chicken influenza, we obtained sequences from 1934 to 2011. We subsampled

our chicken sequences so that we kept at most 5 randomly chosen strains per year.

For swine influenza we selected classical swine H1N1 influenza viruses isolated in

North America between 1934 and 1998.

For alignment and subsequent analysis, we appended the seven protein coding re-

gions (PB2, PA, NP, NS1, M1, M2, and NS2) together for each strain. Sequence sets are

aligned to A/Brevig Mission/1/1918 virus using MUSCLE [53], with gaps relative to the

A/Brevig Mission/1/1918 strain stripped away. Alignments are provided as S1 File.

Number of sequence motifs and motif odds ratio

In Fig. 7A, Fig. 7B, Fig. 13, and Fig. 14B we counted the number of the indicated motif

(eg. CUG codons) in the indicated reading frame for PB2, PA, NP, NS1, M1, M2, and

NS2 protein coding sequences for the viral strains contained in the human, duck, chicken,

swine, H5N1 sequence sets.

We also calculated the motif odds ratio (OR) as in [73]. The OR accounts for the

individual nucleotide content of a sequence, and therefore removes the effect of any un-

derlying changes in nucleotide content. The OR is defined as follows (shown for the codon

CUG):

http://www.ncbi.nlm.nih.gov/genomes/FLU/FLU.html
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ORCUG =
frequencyCUG

frequencyC × frequencyU × frequencyG
, (3.1)

The OR is defined as the frequency of a given motif (CUG) in a sequence divided by

the product of the frequency of each nucleotide that comprise the motif (C, U, and G) the

sequence. Frequency of a motif such as CUG is defined as the number of codons in a

sequence that are CUG divided by the total number of codons in a sequence. Frequency

of a nucleotide is the number of a given nucleotide divided by the total number of nu-

cleotides in a sequence. A value greater than 1 indicates there is an excess of the motif

given the nucleotide content, and a value less than 1 indicates that there are fewer of the

motif given the nucleotide content.

In Fig. 14A, we calculated the odds ratio for CUG for the indicated reading frame in

each set of protein-coding sequences for the human, duck, chicken, swine, H5N1 se-

quence sets.

Length of CUG/CUH putative ORFs

For the non-canonical reading frames 1 and 2 of influenza we also examined selection

against putative CUG initiation by examining whether there was a host-specific difference

in putative ORF lengths (Fig. 7C). We selected a timeframe where the human and swine

influenza strains should be reasonably host adapted (1970 to 2011), and took sequences

for the human, duck, chicken, swine, H5N1 sequence sets from that time. We calculated

the length of all putative ORFs initiated by CUG or CUH (where H is A, U or C) in reading

frames 1 and 2 for each influenza sequence set. To plot the data, we took all of the ORF

lengths and divided them into 5 ORF length bins. For each influenza host sequence set,

we calculated the average number of ORFs for that bin by dividing the number of ORFs

in that bin by the number of influenza strains for that host.
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Consensus motif for CUG start sites

For Fig. 15, we generated a logoplot of the consensus context of CUG start sites called in

the ribosome profiling data of Ingolia et al (Supplemental File 3 of [94]).

Plasmids

Influenza reverse genetics plasmids used to generate viral stocks for ribosome profiling

The virus used in the ribosome profiling experiments is a reassortant of the A/PuertoRico/1934

(PR8) and A/WSN/1933 (WSN) influenza strains. NA, HA, M, and NS gene segments

are from the WSN strain, encoded by the bidirectional pHW plasmids [82]: pHW186-NA,

pHW184-HA, pHW187-M, pHW188-NS. PB1, PB2, and PA segments are from the PR8

strain, encoded by the following plasmids: pHW192-PB1, pHW191-PB2, pHW193-PA.

The NP segment was either one of two recoded variants of the PR8 NP, encoded by the

following plasmids: pHW-lowCUG-PR8-NP or pHW-highCUG-PR8-NP.

To specifically examine putative alternate initiation at the CUG codons that are se-

lected against in reading frame 0 of influenza, we recoded the PR8 NP to contain either

few (low CUG PR8 NP) or many CUG codons (high CUG PR8 NP) (sequences are in S4

File). We specifically chose to recode the CUG content of NP because NP contains many

CD8 T-cell epitopes[228, 79] and CUG initiation can lead to the generation of CD8 T-cell

epitopes [191, 159]. Furthermore, we chose PR8 NP as the CD8 T-cell epitopes in PR8

NP for murine models of infection are well characterized [228, 20, 44]. To generate low

CUG PR8 NP, we depleted PR8 NP of the most common alternate start codons AUG,

CUG, and GUG as much as possible in all reading frames. We did this because we used

low CUG PR8 to generate high CUG PR8, and we wanted to begin with a low background

of possible alternate initiation sites. We generated high CUG PR8 NP by adding 20 CUG

motifs that occur in reading frame 0 of natural influenza NP sequences to low CUG NP.

The mutations we introduced to generate low CUG PR8 NP and high CUG PR8 NP are
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made with the following constraints: changes must be synonymous with regards to read-

ing frame 0, any synonymous codons that are introduced are chosen to be as frequent

as possible in natural existing sequences, and codons must exist in at least 100 of the

sequences. The sequences we used for this analysis are all full-length influenza A NP

coding sequences from the Influenza Virus Resource. Sequences were aligned using

MUSCLE [53], and alignments are included in S2 File.

NA43 plasmids for MUNANA and NA surface expression

To measure NA surface expression and NA MUNANA activity in Fig. 11D, we generated

constructs by placing NA into an HDM plasmid in which expression of the insert is driven

by the CMV promoter. Following the CMV promoter, we included the NA viral 5′ UTR, NA

coding sequence, a C-terminal V-5 epitope tag (used for surface staining), and an internal

ribosomal entry site (IRES) GFP (used for calculating transfection efficiency).

We made the following set of mutagenized constructs for WSN NA: pHDM-vUTR-

WSN-NA 1ATG-43ATG V5-IRES-GFP, pHDM-vUTR-WSN-NA 1ATG-43GTA V5-IRES-GFP,

pHDM-vUTR-WSN-NA 1ATG-43TTA V5-IRES-GFP, pHDM-vUTR-WSN-NA 1GTA-43ATG V5-

IRES-GFP, pHDM-vUTR-WSN-NA 1GTA-43GTA V5-IRES-GFP, and pHDM-vUTR-WSN-

NA 1GTA-43TTA V5-IRES-GFP.

Similar constructs were made for California/04/2009 NA (CA09). In these constructs,

we mutated an additional in-frame AUG that was present at coding nucleotides 55-57

to UUA. We did this because the downstream AUG may function as a start site in the

absence of either of the other AUG codons, and have the potential to complicate interpre-

tation of our assays if the AUG starting at nucleotide 55 generates a functional NA.

For CA09 we made: pHDM-vUTR-CA09-NA 1ATG-43ATG-55TTA V5-IRES-GFP, pHDM-

vUTR-CA09-NA 1ATG-43GTA-55TTA V5-IRES-GFP, pHDM-vUTR-CA09-NA 1GTA-43ATG-

55TTA V5-IRES-GFP, pHDM-vUTR-CA09-NA 1GTA-43GTA-55TTA V5-IRES-GFP.

We also made a construct that lacks the V5 tag as a negative control for background
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V5 staining (pHDM-WSN-NA-IRES-GFP).

NA43 plasmids for westerns

To examine whether there is initiation at site 43 of WSN NA (Fig. 11E), we generated

constructs in an HDM plasmid in which expression of the insert is driven by the CMV

promoter and the 5′ UTR of WSN NA. The protein coding sequence consists of codons

1-40 of WSN NA fused to Histone-2B, followed by a C-terminal V5 epitope tag (for im-

munoblot detection). The stop codon is followed by the remainder of NA and IRES GFP.

We made the following constructs: pHDM-vUTR-WSN-NA-aa1-40 1ATG-43ATG H2B-

V5-IRES-GFP, pHDM-vUTR-WSN-NA-aa1-40 1ATG-43GTA H2B-V5-IRES-GFP, pHDM-

vUTR-WSN-NA-aa1-40 1ATG-43TTA H2B-V5-IRES-GFP, pHDM-vUTR-WSN-NA-aa1-40 1GTA-

43ATG H2B-V5-IRES-GFP,pHDM-vUTR-WSN-NA-aa1-40 1GTA-43GTA H2B-V5-IRES-GFP,

and pHDM-vUTR-WSN-NA-aa1-40 1GTA-43TTA H2B-V5-IRES-GFP. We made a con-

struct that lacks the 5′ viral UTR and the first 42 coding nucleotides of NA, so begins

at the AUG at coding nucleotide 43 which serves as a size control for NA43 (pHDM-WSN-

NA-aa14-40-H2B-V5-IRES-GFP). We also made several constructs to eliminate cryptic

products that appear in constructs lacking an AUG at both the canonical start and position

43. pHDM-vUTR-WSN-NA-aa1-40 1GTA-28GTT-43GTA H2B-V5-IRES-GFP mutates a

near cognate start codon at position 28. pHDM-vUTR-WSN-NA-aa1-40 1GTA-35Tinsert-

43GTA H2B-V5-IRES-GFP and pHDM-vUTR-WSN-NA-aa1-40 1GTA-35Tinsert-43ATG H2B-

V5-IRES-GFP contain a T at position 35 to introduce a frameshift.

NA43 plasmids for viral rescue

We used the bidirectional pHW plasmids [82] for all WSN segments (pHW181-PB2, pHW182-

PB1, pHW183-PA,pHW184-HA, pHW185-NP, pHW187-M, pHW188-NS) except NA. For

NA we used pHH [146], which includes only the Pol I promoter, so that NA mRNA would

only be made from the native vRNA. We generated the following set of mutagenized con-
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structs: pHH-WSN-NA 1ATG-43ATG, pHH-WSN-NA 1ATG-43GTA, pHH-WSN-NA 1ATG-

43TTA, pHH-WSN-NA 1GTA-43ATG, pHH-WSN-NA 1GTA-43GTA, pHH-WSN-NA 1GTA-

43TTA.

NP plasmids for westerns

To examine whether there is initiation at site 322 of NP (Fig. 11E), we generated con-

structs in an HDM plasmid in which expression of the insert is driven by the CMV pro-

moter. Following the CMV promoter, we include the 5′ UTR of the indicated NP fol-

lowed by a C-terminal 3x FLAG epitope tag (for immunoblot detection). We made the

following constructs: pHDM-vUTR-lowCTP-PR8-NP-FLAG, pHDM-vUTR-highCUG-PR8-

NP-FLAG, pHDM-vUTR-wt-PR8-NP-FLAG. We made a construct that lacks the 5′ viral

UTR and begins at the AUG at coding nucleotide 322 which serves as a size control for

NP322 (pHDM-322start-wt-PR8-FLAG).

3.5.3 Cells and cell culture media

We used the human lung epithelial carcinoma line A549 (ATCC CCL-185), the human

embryonic kidney cell line 293T (ATCC CRL-3216), the MDCK-SIAT1 variant of the Madin

Darby canine kidney cell line overexpressing human SIAT1 (Sigma-Aldrich 05071502),

and MDCK-SIAT1-TMPRSS2 variant cells which express both SIAT1 and the protease

TMPRSS2 [119].

All cell lines were maintained in D10 (DMEM supplemented with 10% heat-inactivated

fetal bovine serum, 2 mM L-glutamine, 100 U of penicillin/ml, and 100 µg of strepto-

mycin/ml). Experiments were performed with D10 unless otherwise indicated.

WSN growth media contains Opti-MEM (Gibco) supplemented with 0.05% heat inac-

tivated FBS, 0.3% BSA, 100 U of penicillin/ml, 100 µg of streptomycin/ml, and 100 µg of

calcium chloride/ml).
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3.5.4 Virus generation by reverse genetics

Generation of virus for ribosome profiling

A co-culture of 293T and MDCK-SIAT1 cells seeded at 4× 105 and 0.5× 105 cells per well

respectively in 6-well dishes were transfected using BioT and a mixture containing 250 ng

of each of the eight plasmids encoding WSN NA, HA, M, NS (pHW186-NA, pHW184-HA,

pHW187-M, pHW188-NS), PR8 PB1, PB2, PA (pHW192-PB1, pHW191-PB2, pHW193-

PA), and either low or high CUG PR8 NP ( pHW-lowCUG-PR8-NP or pHW-highCUG-

PR8-NP). We refer to these viruses as low CUG NP WSN and high CUG NP WSN. At

20 hours post transfection, we changed the media from D10 to WSN growth media. At

48 hours post-transfection we collected the viral supernatant, centrifuged the sample at

2000g for 5 minutes to remove cellular debris, and stored aliquots of the clarified viral

supernatant at -80 °C. We titered the virus by TCID50 (using MDCK-SIAT1 cells). Viruses

were expanded starting from an MOI of .05 for 55 hr. The resulting expanded virus was

collected and stored in the same manner. The expanded virus was titered by HA staining

(using A549 cells) and TCID50 (using MDCK-SIAT1) and used for ribosome profiling.

Generation of viruses for NA43 follow-up

A co-culture of 293T and MDCK-SIAT1-TMPRSS2 cells seeded at 4 × 105 and 0.5 × 105

cells per well in 6-well dishes were transfected using BioT and a mixture containing

250 ng of each of the eight plasmids encoding WT WSN PB2, PB1, PA, HA, NP, M,

NS (pHW181-PB2, pHW182-PB1, pHW183-PA, pHW184-HA, pHW185-NP, pHW187-M,

pHW188-NS) and the appropriate NA variant (pHH-WSN-NA 1ATG-43ATG, pHH-WSN-

NA 1ATG-43GTA, pHH-WSN-NA 1ATG-43TTA, pHH-WSN-NA 1GTA-43ATG, pHH-WSN-

NA 1GTA-43GTA, pHH-WSN-NA 1GTA-43TTA). MDCK-SIAT1-TMPRSS2 cells were used

as it enables HA activation in the absence of NA activity, thus allowing us to minimize

indirect effects of NA absence. Viruses were rescued in biological triplicate with three
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separate minipreps of each NA construct. At 20 hours post transfection, we changed the

media from D10 to WSN growth media. We collected 500 ul aliquots of virus 48 and 72

hours post transfection. We titered the virus by TCID50 (using MDCK-SIAT1 TMPRSS2

cells). Viruses were expanded starting from an MOI of .01 for 48 hours. We titered the

expanded virus by TCID50 (using MDCK-SIAT1-TMPRSS2 cells).

3.5.5 Virus titering

By HA staining

We infected A549 cells in WSN growth media for 10 hours, collected cells, and stained

for HA using H7-L19 antibody [69, 50] at 10 ug/ml, followed by goat anti-mouse IgG sec-

ondary antibody conjugated to APC, and analyzed by flow cytometry to determine the

fraction of cells that were HA positive. We used the Poisson equation to calculate viral

titer with respect to HA expressing units.

By TCID50

We titered virus by TCID50 on MDCK-SIAT1 or MDCK-SIAT1-TMPRSS2 expressing cells

and calculated viral titer using the Reed-Muench formula [165] implemented here: https:

//github.com/jbloomlab/reedmuenchcalculator.

3.5.6 Ribosome profiling

Ribo-seq library generation

We performed ribosome profiling (Ribo-seq and Ribo-seq + LTM) with four different sam-

ples: untreated A549 cells, interferon-β treated A549 cells, influenza virus infected A549

cells, interferon-β pre-treated and influenza infected A549 cells (Fig. 8A). For each sam-

ple, we used two 15 cm plates of A549 cells, seeded with 7 × 106 cells 16 hours prior to

start of treatment such that cells were 70-80% confluent at harvest. Five hours before

https://github.com/jbloomlab/reedmuenchcalculator
https://github.com/jbloomlab/reedmuenchcalculator
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influenza infection, the medium in each plate was replaced with fresh D10 growth media

either with or without interferon-β (at 20 U/ml). At the time of viral infection, the growth

media was removed and replaced with four different WSN growth media corresponding to

the four different samples in our experiment. For the +vir sample, we used concentrated

virus stocks comprising approximately 2% of the growth media added to cells. Since virus

was grown on MDCK-SIAT1 cells, we added the same volume of MDCK-SIAT1 super-

natant as the viral stock to the uninfected sample (ctrl sample). For the +ifn sample, we

used MDCK-SIAT1 supernatant supplemented with 20 U/ml of interferon-β (PBL 11415).

For the +ifn +vir sample, we mixed the viral supernatant with interferon-β and added it to

cells.

Influenza infections consisted of a 1:1 mixture of high CUG NP WSN and low CUG

NP WSN viruses at a total dosage of 1 HA-expressing units / cell as calculated using

A549 cells not treated with interferon-β. This corresponded to an MOI of approximately

30 TCID50 per cell as measured using MDCK-SIAT1 cells. These infection conditions

resulted in approximately 70% HA high positive cells for the +vir sample. Samples were

harvested 5 hours after influenza infection for ribosome profiling library preparation.

Ribosome profiling protocol was adapted from [90] with the following modifications.

For our Ribo-seq + LTM samples, we removed the treatment medium from each plate

and added media back containing LTM at 5 µM. These LTM-containing plates were then

incubated for 30 min to allow runoff of elongating ribosomes [121]. For sample harvesting,

we removed media from each plate and flash froze samples by placing the plate in liquid

nitrogen and transferred to −80 °C until lysis. We took a portion of the cell lysate from our

Ribo-seq samples for RNA-Seq library preparation. For ribosome profiling, we performed

nuclease footprinting treatment by adding 600U RNase I (Invitrogen AM2294) to 18 A260

units of RNA [4]. We collected ribosome protected mRNA fragments using MicroSpin

S-400 HR Columns (GE Healthcare 27-5140-01) following instructions from the Art-Seq

ribosome profiling kit (RPHMR12126, Illumina), and purified RNA from the flow through

for size selection. We gel-purified ribosome protected fragments with length between 26
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and 34 nucleotides using RNA oligo size markers. We used polyA tailing instead of linker

ligation following previous studies [93, 121]. Finally, we prepared RNA-seq libraries using

the NEBNext Ultra Directional RNA Library Prep Kit (NEB E7420) after depleting ribosome

RNA using the Ribozero Gold kit (Illumina MRZG126). Ribo-seq and RNA-seq libraries

were sequenced on an Illumina HiSeq 2500 in 50bp single end mode resulting in between

15–40 million reads per sample (see Fig. 17A).

Pre-processing and alignment of sequencing data

For Ribo-seq libraries, we trimmed polyA tails using cutadapt 1.12 [133] with parameters

--adapter=AAAAAAAAAA --length=40 --minimum-length=25 to retain trimmed reads that

were between 25 and 40 nucleotides in length. For RNA-seq libraries, we first reverse

complemented the read to obtain the sense orientation using fastx reverse complement

0.0.13 (http://hannonlab.cshl.edu/fastx_toolkit/) with parameters --Q33, and then

trimmed reads to 40 nucleotides. To remove rRNA, we discarded trimmed reads aligning

to four human rRNA sequences (28S:NR 003287.2, 18S:NR 003286.2, 5.8S:NR 003285.2,

and 5S:NR 023363.1) from the hg38 genome. The alignment was done using bowtie

1.1.1 [118] with parameters --seedlen=23 --threads=8. We aligned the remaining non-

rRNA to human transcripts (Gencode v24) using rsem 1.2.31 [125] with parameters --output-genome-bam

--sort-bam-by-coordinate. We also aligned the non-rRNA reads to an influenza genome

containing both low and high CUG NP using the above rsem parameters including the ex-

tra options --seed-length 21 --bowtie-n 3. The influenza genome file is provided in S4

File and the corresponding annotations in S5 File.

Calculation of influenza and host transcript coverage

Proportion of human versus influenza reads

The posterior probablilty score from rsem (ZW field in the BAM output) was used to calculate

coverage for reads on transcripts. For influenza reads, we considered only reads that map

http://hannonlab.cshl.edu/fastx_toolkit/
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to the positive sense of influenza transcripts for all analyses except where explicitly indi-

cated otherwise. To obtain higher resolution mapping of ribosome protected fragments,

we performed variable trimming based on fragment length, reads that were between 25

and 32 nucleotides in length were assigned to a P-site at 14 nucleotides from the 5′ end

of the read, and reads between 33 and 39 nucleotides were assigned to a P-site at 15

nucleotides from the 5′ end of the read.

Ribo-seq start or stop codon aligned read aggregation plots

For human transcripts, a set of non-redundant protein-coding transcripts was compiled by

using the gencode v24 annotations and applying the following criteria: The correspond-

ing CDS must be part of the Consensus CDS (CCDS) project; It must be labeled as a

principal transcript by APPRIS; For each gene, we selected the lowest numbered

CCDS ID; For each CCDS, we selected the lowest numbered transcript ID.

For aggregation of sequencing reads, we further selected the set of transcripts re-

quiring that each transcript has a minimum coverage of 0.33 reads per nucleotide in the

coding region in a given sample. For each ribosome P-site in a transcript, the normalized

ribosome density value was calculated by dividing the P-site read count by the average P-

site read count across the coding region of that transcript. The normalized P-site density

across all transcripts was calculated by averaging each P-site position (aligned relative to

the start or stop codon).

Proportion of Ribo-seq reads aligning to each reading frame

Normalized P-site density across reading frames was calculated for the coding regions

of the nonredundant set of transcripts included in the analysis used for read aggregation

plots. The single and dual coding regions of NS and PB1 are defined in S5 File, and the

normalized P-site density across the singly and dually coded regions was plotted.
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Calling and analysis of candidate TIS

We used a zero-truncated negative binomial distribution (ZTNB) to statistically model the

background distribution of Ribo-seq and Ribo-seq + LTM counts in transcripts with more

than 50 positions with non-zero counts [206, 64]. We first added the Ribo-seq and the

Ribo-seq + LTM read counts of the two neighboring positions to each position in the

genome (referred to as pooled counts below). This was done in order to account for the

+/–1 nucleotide uncertainty in the P-site assignment.

Candidate start sites were identified based on the following criteria: For influenza

transcripts, the ZTNB-based P-value for the Ribo-seq + LTM pooled counts at that location

must be <0.01 and 1000-fold higher than the P-value of the Ribo-seq pooled counts at the

same location (Fig. 9A, left panel), or must have an absolute P-value less than 10−7. For

host transcripts, we required the Ribo-seq + LTM P-value to be only 100-fold higher than

the P-value of the Ribo-seq pooled counts. Additionally, for host transcripts, we required

that the read counts be greater than an absolute threshold across all transcripts. This

threshold was estimated by requiring P<0.05 in a ZTNB model fit to the bottom 99% of

all non-zero P-site Ribo-seq + LTM pooled counts across all transcripts. Only the highest

pooled counts within each 30 nucleotide window was called as a candidate TIS. From

the called TIS, we assigned the identity of the start codon by looking at a window -1

to +1 nucleotides from the TIS peak and assigning the start codon based on following

hierarchy: AUG, CUG, GUG, UUG, AUA, AUC, AUU, AAG, ACG, AGG, and other. If there

are multiple near cognate codons in the window, the codon was assigned based on the

order in the above list.

For Fig. 9H and 9I, we consider the canonical frame defined by the aTIS as frame

0, and we designate any ORF out of frame with the aTIS as an out-of-frame ORF. For

candidate host TIS, we designate the start codon of the canonical transcript of each gene

(as defined above) as the annotated TIS. uTIS, dTIS, and the frame of their ORF are

identified with respect to the annotated TIS. Host genes that have a median-normalized
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fold-change in average Ribo-seq and RNA-seq counts greater than 2-fold upon +ifn, +vir,

or +ifn +vir treatment are considered as induced genes under that condition.

For analysis of data from [121], we downloaded the raw sequencing data from the Se-

quence Read Archive, BioProject PRJNA171327, and analyzed it using the same pipeline

that we used for our data. The same pipeline was also used for analysis of the raw se-

quencing data from [13] (NCBI Gene Expression Omnibus, GSE82232). The only differ-

ence from the analysis of our dataset is that we identified P-site as the 13th nucleotide

from the 5′ end of the read for both these datasets.

Binomial proportion test for comparing proportions of different TIS was done using the

R function prop.test with the alternate hypothesis set to greater.

Examining possible initiation at CUG codons in high CUG NP variants

In Fig. 10A, we considered reads that map with zero mismatches to either low or high

CUG NP or both NP variants. We designated reads as belonging to one of the variants

if it spans a SNP (recoded CUG codon), and thus could be identified uniquely. Coverage

of non-unique, low CUG, and high CUG variants is shown as a stacked bar blot. For

Fig. 10B, we plot the ratio of P-site count between the high and low CUG variants at each

NP position to the mean value of the same quantity across the two variants. All P-sites

have a pseudocount of 1 added to both the low and high CUG read counts.

NA surface expression and MUNANA NA activity assay

The transfected 293T cells were stained for cell-surface NA using an anti-V5 AF647-

conjugated antibody (Invitrogen 45-1098) at a 1:200 dilution. Cells were analyzed by

flow cytometry to determine the MFI of AF647 (APC channel) among GFP-positive (trans-

fected) cells. Reported values were normalized to the 1wt43wt NA, with the background

value from the pHDM-vUTR-NA-V5-IRES-GFP (lacking V5 tag) subtracted.
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NA surface expression

The transfected 293T cells were stained for cell-surface NA using an anti-V5 AF647-

conjugated antibody (Invitrogen 45-1098) at a 1:200 dilution. Cells were analyzed by

flow cytometry to determine the MFI of AF647 (APC channel) among GFP-positive (trans-

fected) cells. Reported values were normalized to the 1wt43wt NA, with the background

value from the pHDM-vUTR-NA-V5-IRES-GFP (lacking V5 tag) subtracted.

MUNANA NA activity assay

The transfected 293T cells were used to assay for NA activity using MUNANA substrate

(Sigma M8639). We performed the MUNANA assay in a non-lysing buffer (MOPS buffered

saline supplemented with 2% FBS). We used 2 dilutions of our resuspended cell sample

(25% and 2.5% of original total sample volume) to ensure that we are within the dynamic

range of the assay. We performed the assay in black 96-well plates in a 200 ul volume.

We added MUNANA to a concentration of 150 µM and incubated samples for 45 min at

37 °C, and quenched by adding 50 µl of 142 mM NaOH in 100% ethanol. Fluorescence

was measured at an excitation wavelength of 360 nm and an emission wavelength of 448

nm. Activity was calculated by subtracting the background value of untransfected cells,

correcting for transfection efficiency (% GFP positive from NA surface expression assay),

and normalizing to 1wt43wt NA.

3.5.7 Western blots

We transfected 293T cells seeded at 2 × 105 cells/well in a 12-well plate with the pHDM-

vUTR-WSN-NA-aa1-40-H2B-V5-IRES-GFP constructs or pHDM-vUTR-NP-FLAG constructs.

We collected cell lysates 20 hour post transfection, using RIPA buffer containing (1%

NP40, 1% Sodium deoxycholate, 0.1% SDS, 150 mM NaCl, 50 mM Tris (pH 8), 0.1 mM

EDTA, and Roche cOmplete ULTRA Tablet Protease Inhibitor).
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For NA43, lysates were run on a 16.5% tris-tricine gel. For NP, lysates were run on a 4-

20% tris-glycine gel. NA was detected using 1:2500 dilution of anti-V5 antibody (Invitrogen

R960), followed by a 1:2500 dilution of DyLight 800 Rabbit anti-Mouse (Invitrogen SA5-

10164). NP was detected using 1:2500 dilution of anti-FLAG antibody (Sigma F1804),

followed by a 1:2500 dilution goat anti-mouse Alexa-Fluor 680 (Invitrogen A-21058). For

loading controls, we used either GAPDH or H3. We used anti-GAPDH at a 1:2500 dilution

(RD systems AF5718), followed by a 1:2500 Alexa-Fluor 680 donkey anti-goat secondary

(Invitrogen A-21084). We used anti-H3 at a 1:10000 dilution (abcam 1791), followed by a

1:10000 Alexa-Fluor 680 goat anti-rabbit secondary (Invitrogen A-21109). Western blots

were imaged using the LI-COR imaging system.

3.5.8 NA43 codon analysis

To examine the conservation of the AUG at coding site 43 in Fig. 11C, we downloaded

all full-length N1 NA protein-coding sequences from the Influenza Virus Resource. We

used phydms [81] to construct a codon-level alignment in reference to the WSN sequence

used in the ribosome profiling experiment. The alignment is subsampled such that all

sequences have at least 2 amino acid differences relative to other sequences. This is to

avoid having the alignment dominated by many highly similar sequences that are heavily

represented in the database. We parse sequences into the following four sets: human

seasonal H1N1 sequences isolated before 2009, human pandemic H1N1 sequences iso-

lated after 2009, all avian sequences, and all swine sequences. We further subset human

seasonal H1N1 sequences so that we only keep 1 sequence per year. Sequences are

in S3 File. We then count the number of each codon at coding nucleotides 43-45 for our

set of sequences. We consider CUG, GUG, UUG, ACG, AGG, AUC, AUU, AAG, AUA as

near cognate start codons.
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3.5.9 Competition assays to examine impact of NA43 on viral fitness

For the competition assays (Fig. 11G and H) to examine if NA43 conferred a viral fit-

ness advantage, we made 6 mastermixes of virus containing 1:1 mixes (as measured by

TCID50) containing either 1wt43wt and 1wt43GUA (N=3) or 1wt43wt and 1wt43UUA (N=3) virus.

For each virus, we used 3 biological replicates of expanded 1wt43wt, 1wt43GUA and1wt43UUA

virus. The same viral mastermixes were used for both cell culture and mouse competition

assays The viral mastermixes underwent 1 freeze thaw cycle prior to the mouse experi-

ment.

Cell-culture NA43 competition assays

Competitions were done at a low total MOI of 0.001 (equivalent to an MOI of 0.0005 for

each individual viral variant) in MDCK-SIAT1-TMPRSS2 cells. For each competition pair,

we used one well of a 6-well plate (seeded at 5 × 105cells per well) and one 10 cm dish

(seeded at 1.4 × 106cells per plate). We harvested the 6-well plate for cellular RNA at 10

hour post infection to get an early estimate of the viral ratios. We let the competitions pro-

ceed for 72 hours, and at 72 hours we collected 700 µl of virus supernatant from the 10 cm

dish. Competitions were performed in WSN growth media. For the 10 hour timepoint, we

extracted RNA using the Qiagen RNeasy mini plus kit, following the manufacturer’s proto-

col. For the viral supernatant samples from the cell culture competition, we extracted viral

RNA using the Qiagen QIAamp Viral RNA Mini Kit, following the manufacturer’s protocol

(using 140 µl virus containing supernatant).

Mouse NA43 competition assays

All animal experiments were conducted in accordance with National Institutes of Health

guidelines for humane treatment of animals and were approved by the Institutional Animal

Care and Use Committee of the Fred Hutchinson Cancer Research Center.
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For each viral mastermix, we innoculated 3 female BALB/c mice (technical replicates)

with 20 µl of virus mastermix (containing 2000 TCID50). BALB/c mice were 6-8 weeks

old, from Jackson labs. For infections, mice were first anesthetized with 0.2 mg ketamine

and 20 µg xylazine. Mice were weighed daily and lungs were harvested and flash frozen

on day 4 post infection.

We homogenized whole lung in 2.4 ml buffer RLT using the gentleMACS dissociator.

The homogenate was clarified by centrifugation, and 700 µl of supernatant was used for

RNA extraction using the Qiagen RNeasy kit, following the manufacturer’s protocol.

Sequencing to determine NA43 mutant frequency

We reverse transcribed NA vRNA gene from the extracted RNA using SuperScript III

Reverse Transcriptase for first-strand cDNA synthesis. The reverse transcriptase reaction

contained 500 ng cellular RNA template or 4 µl viral RNA and used the primer U12-

NA-F (5-AGCGAAAGCAGGAGTUUAA-3) at 5 µM. We then carried out targeted deep

sequencing of the mutated region in NA. We first amplified a region of the NA gene that

encompassed position 43 using 1.5 µl cDNA template and the primers U12-NA-F and NA-

249-R (5-GGACAAAGAGAUGAATTGCCGG-3). We used the following PCR program, 95

°C 2 min, followed by 27 cycles of: 95 °C 20s, 70 °C 1s, 50 °C 30s, 70 °C 20s.

We purified the PCR product using 1.5X AMPure XP beads (Beckman Coulter) We

performed a second round of PCR to add a portion of the Illumina adapters using 3 ng

DNA and the following PCR primers: Rnd1-F-WSN-NA (5-CTTTCCCTACACGACGCT

CTTCCGATCTAGCGAAAGCAGGAGTUUAA-3) and Rnd1-R-WSN-NA (5-GGAGTTC

AGACGTGTGCTCTTCCGATCUGGACAAAGAGAUGAATTGCCGG-3). We used the

following PCR program: 95 °C 2 min, followed by 8 cycles of: 95 °C 20s, 70 °C 1s, 54 °C

20s, 70 °C 20s.

We purified the PCR product using 1.5X AMPure XP beads and used 1.5 ng of this

product as template for a third round of PCR using the following pair of primers that added
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the remaining part of the Illumina sequencing adaptors as well as a 6 or 8-mer sample

barcode (xxxxxx): (5-AAUGATACGGCGACCACCGAGATCTACACTCTTTCCCTACAC

GACGCTCTTCCGATCT-3) and Rnd2-R (5-CAAGCAGAAGACGGCATACGAGATxxxxx

xGTGACUGGAGTTCAGACGTGTGCTCTTCCGATCT-3). We used the following PCR

program: 95 °C 2 min, followed by 6 cycles of: 95 °C 20s, 70 °C 1s, 58 °C 10s, 70 °C 20s.

The resulting DNA libraries were sequenced on an Illumina Hi-Seq. We processed the

sequencing reads to determine the frequency of the wildtype NA and mutant NA in each

competition as follows. To determine the frequency of wildtype NA, we aligned our sam-

ples to the 1wt 43wt sequence, and counted the number of reads containing AUG at coding

nucleotides 43-45. To determine the frequency of mutant NA, we aligned our samples to

etiher the 1wt43GUA or 1wt43UUA sequence, and counted the number of reads containing

GUA or UUA at coding nucleotides 43-45. We used dms tools [17] for alignment of se-

quence data, and allowed only 2 nucleotide mismatches over coding nucleotides 1-48.

ata, and allowed only 2nt mismatches over coding nucleotides 1-67.

Analysis of NA43 mutant frequency

To examine if there is an enrichment of wildtype viruses mutant over time, we first calcu-

lated the ratio of wildtype verses mutant at each timepoint using the counts of AUG, UUA,

or GUA codons at postion 43-45. We then calculated the enrichment of wildtype relative

to mutant over time. To do this we divided the ratio of wildtype to mutant at the endpoint

(either 72 hour cell-culture or mouse value) by the ratio of wildtype to mutant at the 10

hour cell-culture timepoint. We compared the endpoint to the 10 hour timepoint instead of

assuming that the initial ratio is 50:50 as the precision of TCID50 is less than that of deep

sequencing, and the 10 hour timepoint allows us to measure relative levels of infectious

virus for each variant. A value greater than 1 indicates an enrichment of wildtype over

time. To assess significance, we performed two one-sided paired t-tests (mouse 1wt43GUA

and mouse 1wt43UUA). For the t-test, we used the log transformed ratios of wildtype to
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mutant at each timepoint. For the mouse assay, we first took the mean of the 3 technical

replicates (using the log transformed value), and paired the average mouse value for each

biological replicate to the 10 hour cell culture timepoint. The sequencing counts of codons

and the resulting ratios used in analysis are included in S1 Table.
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Below is a description of supplemental files that will be available upon publication of

the manuscript.

S1 Table. Deep sequencing from NA43 competition. Sequencing counts and ratios

calculated for cell culture and mouse 1wt43wt verses 1wt43GUA and 1wt43UUA virus compe-

titions.

S1 File. Influenza sequence alignments used for evolutionary analysis of CUG

codons. Alignments of protein-coding sequences of influenza PB2, PA, NP, M and NS to

the A/Brevig Mission/1/1918 virus. Alignments were performed by appending the seven

protein coding sequences together for each viral strain. PB2 is from position 1 to 2280, PA

is from position 2281 to 4431, NP from position 4432 to 5928, M1 from position 5929 to
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6687, M2 from position 6688 to 6981, NS1 from position 6982 to 7674, NS2 from position

7675 to 8040.

S2 File. Influenza sequence alignments of NP used for generating low CUG PR8

NP and high CUG PR8 NP. Alignments of protein-coding sequences of influenza NP.

S3 File. Influenza sequence alignments of N1 NA . Alignments of protein-coding se-

quences of influenza NA used for analysis of codon identity at position 43.

S4 File. Influenza genome. This file contains the influenza genome used for our ribo-

some profiling analysis, including low and high CUG PR8 NP sequences.

S5 File. Influenza GTF. This file contains annotations for influenza used for our ribo-

some profiling analysis.
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Chapter 4

CONCLUSION

There are numerous forces that shape influenza evolution. Immune pressure from

antibodies is one of the well-described forces that drives influenza evolution. Surprisingly,

while there is ample experimental support that CD8 T-cells control and limit influenza

infection there is a lack of statistical support that CD-8 T-cells drive influenza evolution. I

hypothesized that CD8 T-cells are a selective pressure but that conventional tests were

not sensitive enough to detect selection in regions of functional constraint. In Chapter 2, I

employed two novel statistical methods that have increased sensitivity to detect selection

in influenza nucleoprotein. First, by comparing parallel lineages of influenza, I internally

controlled for site-to-site variation in functional constraint. I compared epitope sites in the

human lineage of influenza to homologous sites in the swine lineage of influenza (which

served as a control as it should not be under pressure to evolve from human T-cells).

I found that influenza nucleoprotein accumulates more substitutions in epitope regions

in the human lineage. Secondly, my analysis of the phylogeny of both the human and

swine lineage of influenza found that that mutations in epitope regions are more likely to

persist than to die off for human influenza. This finding indicated that mutations in epitope

regions targeted by human T-cells confer a fitness advantage in the human lineage of

influenza. This is the first study that found statistical support that the role of CD8 T-cells

is strong enough to drive influenza evolution. This knowledge deepens our understanding

of how the immune system shapes influenza evolution and this information could be used

to improve predictive modeling of influenza and inform vaccine development.

In Chapter 3, I examined the protein coding capacity of influenza as influenza has

to generate enough protein products to successfully complete the viral life cycle yet limit
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production of deleterious protein products such as T-cell epitopes. This work was moti-

vated by the initial observation that there is selection against putative alternate initiation

of CTG codons in mammalian lineages of influenza. I experimentally surveyed translation

initiation sites in the influenza genome by performing ribosome profiling of influenza virus

infected cells.

Surprisingly, I found little support for CTG initiation in the influenza genome. There

are two explanations for this observation: either the experimental design did not capture

initiation at these CTG codons, or the bioinformatic analysis is confounded by overlap-

ping selective forces. With regards to experimental design, the cells, virus, or ribosome

profiling method could fail to elicit or capture CTG initiation in the influenza genome. For

example, CTG-initiation could be refractory to capture by the translation initiation inhibitor

used in these experiments [191]. Furthermore, CTG initiation could occur at a level below

the detection threshold of these assays, while still being functionally significant. The sec-

ond explanation for the discrepancy between the evolutionary data and the experimental

data on CTG initiation is that the evolutionary signal is due to a different evolutionary

pressure. If the evolutionary signal is due to translation initiation, I would have expected

the signal to be observed primarily near the beginning of transcripts, however I did not

observe that to be the case - the selection occurred along the length of transcripts. Fur-

thermore, initiation at CTG codons (as observed in ribosome profiling studies) occurs

infrequently downstream of the annotated translation initiation site [94, 121, 198]. It is

interesting to hypothesize what other factors could account for this selection. There are

other evolutionary signatures with unclear origins in influenza as it adapts to mammalian

hosts, such as the decrease in GC content of influenza genome decreases during adap-

tation to mammalian hosts [222]. The signature against CTG codons could be related

to translation dynamics [105], as it is also noted that influenza evolves to a codon usage

bias that is mismatched with the mammalian host [222]. The evolutionary signature could

also be due to evasion from anti-viral factors [73], or other constraints to viral fitness in

the mammalian host. Regardless, this analysis provides insight into the complexity of the
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evolutionary forces influencing influenza evolution.

However our ribosome profiling experiments uncovered novel candidate initiation sites

in the influenza genome. In addition to the canonical protein products, there are a small

number of alternate translation initiation sites across multiple influenza segments. I found

that the majority of these alternately initiated products are generated through use of ATG

start codons. One of the alternate initiation sites generates a truncated form of influenza

NA that is broadly conserved across N1 NAs. This N-terminally truncated NA is enzymat-

ically active and capable of supporting viral growth. Together these results highlight the

diversity of protein products produced by influenza.

Below I propose further experiments based on the research contained in this thesis.

The first direction is related to enhancing our insight into the selective pressures of T-cells

on influenza evolution by comprehensively mapping mutations in influenza that confer

T-cell escape. The second direction is related to further understanding how immune pres-

sures act to constrain both viral and host evolution at the level of protein translation.

4.1 Massively parallel interrogation of T-cell escape mutations in influenza

Having established that T-cells are a selective force that drives influenza evolution, it would

be exciting to survey influenza for T-cell escape mutations in a high through-put manner.

Traditional assays that discovered de novo mutations in influenza that confer T-cell escape

were performed by infecting an immunocompromised mouse with wild-type virus [160], or

by sampling an immunocompromised individual over time [208], and analyzing any result-

ing mutations that arose in the virus. In each case, one or a few escape mutations were

discovered. However, it is now possible to perform experiments with massively parallel

measurements of the effects of protein mutations using deep mutational scanning [59, 60].

For deep mutational scanning in the context of a virus, a large library of the viral gene car-

rying mutations is generated, mutant virus libraries are reconstituted, the viral libraries are

subjected to selective pressures, and the frequencies of all mutations before and after se-
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lection are quantified by deep sequencing [203, 50]. Deep mutational scanning has been

successfully employed to interrogate viral mutations that confer escape from neutralizing

antibodies [50, 47].

To apply deep mutational scanning to identify T-cell escape mutations in influenza, I

will first map escape mutations to a single T-cell receptor (TCR) for an immunodominant

epitope in influenza. I will generate a mutant virus library for influenza, infect the mutant

virus library into cells capable of generating and presenting viral antigen, and then co-

incubate the infected cells with a primary clonal T-cell line containing a TCR specific to

the influenza epitope. The T-cell line will lytically kill cells containing viruses that generate

epitopes that do not escape T-cell recognition. Cells containing viruses that escape T-cell

recognition will not be targeted by T-cells, so those viruses will rise in frequency in com-

parison to the initial input library. Both initial and selected viral libraries will be sequenced

and T-cell escape mutations will be identified by computing frequencies of all amino acids

preceding and following selection, and subsetting on positions that rise substantially in

frequency following selection.

As an initial validation of the experimental approach, I will perform this assay for an

epitope that has been previously shown to T-cell escape in the literature. I will perform this

assay with influenza nucleoprotein, which I demonstrated is under positive selection by

CD8 T-cells and has previously described T-cell escape mutations such as R384G [213].

I will use the T-cell receptor that was employed to characterize escape from R384G [213].

This will ensure that there is a positive control built into the assay in that I should see the

previously identified escape mutation R384G in the assay.

From these results, I can address whether there is high functional constraint in epitope

regions, and whether escape mutations are generally deleterious to viral fitness. Standard

metrics for selection have failed to find evidence of selection for CD8 T-cells on influenza,

suggesting that the regions that CD8 T-cell epitopes reside may be under strong functional

constraint. There is some experimental evidence that mutations that confer T-cell escape

in influenza come at a fitness cost [14, 7, 167, 72]. I can address whether epitope sites
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are generally constrained by analyzing the pre-selected frequencies of sites that allow

escape and seeing if they are generally mutationally tolerant to allowing many amino

acids (suggesting that there isn’t functional constraint at that site) or if they only allow one

or a few amino acids (suggesting strong functional constraint). The fitness of amino acids

that confer escape can also be assessed - if the escape mutations are strongly disfavored

compared to wild-type, this would provide additional support that these sites are under

strong functional constraint and escape occurs at the cost of general viral fitness.

Once validated, this approach can be expanded to other T-cell receptors that target the

same epitope to see if there are different routes accessible to escape. For example, one

might expect that mutations in TCR contact residues will have varying impacts for different

TCRs. This approach can also be extended to other epitopes. This research direction can

provide insight into whether there are epitopes that have an easier time escaping T-cell

immunity. This is relevant to vaccine development as there is much interest in generating

a universal vaccine in part through eliciting a broadly protective T-cell response. This

knowledge has the potential to direct efforts towards eliciting responses to epitopes which

are more constrained.

4.2 Examine correlates of translation efficiency during activation of the anti-viral
response

Translation of viral proteins is required for completion of the viral replication cycle. There-

fore, host cells regulate translation during the anti-viral response that arise during viral

infection. A classic example of the global regulation of translation that occurs during the

anti-viral response is activation of protein kinase R (PKR) [65]. PKR becomes activated

upon binding its ligand dsRNA and subsequently phosphorylates eIF2α [65]. eIF2α phos-

phorylation results in a global inhibition of translation initiation. Despite global decreases

in translation initiation, some transcripts are selectively translationally upregulated [65].

A number of other anti-viral proteins have been shown to inhibit translation including:

interferon-induced proteins with tetratricopeptide repeats 1( IFIT1) protein [122], stimula-
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tor of IFN genes (STING) [61], and zinc-finger anti-viral protein (ZAP) [63, 16, 199].

ZAP inhibits the translation of a broad range of RNA viruses including HIV, influenza [199],

Sindbis virus and Ross River virus [16], Ebola virus and Marburg virus [138], murine

leukemia virus [63] and hepatitis B [132]. Each virus generally has a small number of

transcripts that are sensitive to ZAP. ZAP inhibits the translation of the influenza pro-

teins NA, PA, and PB2 [199]. The mechanism of ZAP activity includes binding to viral

mRNA [76], inhibiting translation initiation [236] and promoting mRNA degradation [235].

Furthermore, the skew of ZAP activity towards modulating mRNA stability or translation

can be context and transcript dependent.

There is evidence that dinucleotide usage is correlated with and impacts viral fitness.

There is selection against CpG dinucleotides in influenza and other RNA viruses of mam-

malian hosts [73, 74]. It was recently shown that HIV viruses that have high CpG dinu-

cleotide content are less fit than HIV viruses that have low CpG content in a ZAP depen-

dent manner [196]. This fitness defect correlated with decreased mRNA levels of spliced

HIV transcripts. Interrogation of ZAP binding sites using CLIP-Seq found that ZAP binds

to regions of HIV transcripts that are enriched with CpG dinucleotides. It is unknown

whether the selective pressure that results in depletion of CpG dinucleotides in influenza

is due to ZAP.

In addition to selection against CpG dinucleotides in RNA viruses, there is also ev-

idence of selection against CpG dinucleotides in host transcripts. Specifically there is

depletion of CpG dinucleotides in human and mouse anti-viral transcripts [74]. It is rea-

sonable to hypothesize that the selective pressure may be due to the unique conditions

present during the anti-viral state. Furthermore, the majority of reads from the ZAP CLIP-

Seq experiment in [196] were derived from host transcripts, suggesting that ZAP binds

host transcripts. Given the signature of selection against CpG dinucleotides in anti-viral

transcripts, the ability of ZAP to bind host transcripts, and the ability of ZAP to modulate

translation, I hypothesize that ZAP can alter translation of host transcripts at a global level.

To examine whether ZAP alters translation of host transcripts, I will examine the IFN
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treated and control samples of my ribosome profiling data to see if CpG dinucleotide

content correlates with efficiency of translation during the anti-viral response at the global

level. Specifically I hypothesize that transcripts enriched with CpG dinucleotides will be

translated with low efficiency during activation of the anti-viral response.

To validate whether ZAP alters translation in a CpG dependent manner I propose

making ZAP -/- cells and ZAP overexpressing cells. I will then use a fluorescent reporter

constructs that differ only in CpG content (a high and low CpG fluorescent construct) to

assay whether the high CpG construct is translated less well during IFN treatment in a

ZAP dependent manner. This reporter based approach will provide orthogonal support

that ZAP can alter translation in a CpG dependent manner.

In order to assess whether ZAP globally alters translation in a CpG dependent man-

ner, I will perform ribosome profiling of ZAP -/- and ZAP overexpressing cells. If transcripts

enriched with CpG motifs are poorly translated in the ZAP overexpressing cells, this find-

ing could be a plausible explanation for why anti-viral genes are depleted of CpG motifs.

Anti-viral transcripts need to be translated efficiently in the context of viral infection, during

which ZAP is present.

Lastly, I will examine whether ZAP is the selective force that results in decreased CpG

content of influenza that infects mammalian hosts. I will perform competition experiments

between viruses that differ in CpG content in the presence and absence of ZAP. To do

this, I will use a low CpG virus and a high CpG virus. I will co-infect the two viral variants

into ZAP -/- and ZAP overexpressing cells and collect cellular RNA at several time points

and perform targeted deep sequencing of the samples to identify relative amounts of each

viral genotype. I expect the low CpG virus to increase in the ZAP overexpressing cells in

comparison to the ZAP -/- cells.

Overall this will provide insight into how translation is altered during the anti-viral re-

sponse and potentially further our mechanistic understanding of the selective forces that

drive both human and viral evolution.
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Gaëlle JS Talhouarne, Sarah E Jackson, Mark R Wills, and Jonathan S Weiss-

man. Ribosome profiling reveals pervasive translation outside of annotated protein-

coding genes. Cell reports, 8(5):1365–1379, 2014.

[93] Nicholas T Ingolia, Sina Ghaemmaghami, John RS Newman, and Jonathan S

Weissman. Genome-wide analysis in vivo of translation with nucleotide resolution

using ribosome profiling. science, 324(5924):218–223, 2009.

[94] Nicholas T Ingolia, Liana F Lareau, and Jonathan S Weissman. Ribosome profiling

of mouse embryonic stem cells reveals the complexity and dynamics of mammalian

proteomes. Cell, 147(4):789–802, 2011.

[95] Ivaylo P. Ivanov, Byung-Sik Shin, Gary Loughran, Ioanna Tzani, Sara K. Young-

Baird, Chune Cao, John F. Atkins, and Thomas E. Dever. Polyamine Control of

Translation Elongation Regulates Start Site Selection on Antizyme Inhibitor mRNA

via Ribosome Queuing. Molecular Cell, 70(2):254–264.e6, April 2018.

[96] BW Jagger, HM Wise, JC Kash, K-A Walters, NM Wills, Y-L Xiao, RL Dunfee,

LM Schwartzman, A Ozinsky, GL Bell, et al. An overlapping protein-coding region in

influenza a virus segment 3 modulates the host response. Science, 337(6091):199–

204, 2012.



95

[97] J Michael Janda, Alan R Davis, Debi P Nayak, and Barun K De. Diversity and

generation of defective interfering influenza virus particles. Virology, 95(1):48–58,

1979.

[98] Sinthujan Jegaskanda, Emma R Job, Marit Kramski, Karen Laurie, Gamze Isitman,

Robert de Rose, Wendy R Winnall, Ivan Stratov, Andrew G Brooks, Patrick C Read-

ing, et al. Cross-reactive influenza-specific antibody-dependent cellular cytotoxicity

antibodies in the absence of neutralizing antibodies. The Journal of Immunology,

190(4):1837–1848, 2013.

[99] David T Jones, William R Taylor, and Janet M Thornton. The rapid generation

of mutation data matrices from protein sequences. Bioinformatics, 8(3):275–282,

1992.

[100] Derin B Keskin, Bruce B Reinhold, Guang Lan Zhang, Alexander R Ivanov, Barry L

Karger, and Ellis L Reinherz. Physical detection of influenza a epitopes identifies a

stealth subset on human lung epithelium evading natural cd8 immunity. Proceed-

ings of the National Academy of Sciences, 112(7):2151–2156, 2015.

[101] Derin B Keskin, Bruce R Reinhold, Guang Lan Zhang, Alexander R Ivanov, Barry L

Karger, and Ellis L Reinherz. Reply to van de sandt and rimmelzwaan: Matching

epitope display with functional avidity. Proceedings of the National Academy of

Sciences, 112(19):E2418–E2418, 2015.

[102] Denys A Khaperskyy, Summer Schmaling, Jonah Larkins-Ford, Craig McCormick,

and Marta M Gaglia. Selective degradation of host rna polymerase ii transcripts

by influenza a virus pa-x host shutoff protein. PLoS pathogens, 12(2):e1005427,

2016.

[103] Hiroshi Kida, Yoshihiro Kawaoka, Clayton W Naeve, and Robert G Webster. Anti-



96

genic and genetic conservation of h3 influenza virus in wild ducks. Virology,

159(1):109–119, 1987.

[104] M Knossow, M Gaudier, A Douglas, B Barrere, T Bizebard, C Barbey, B Gigant, and

JJ Skehel. Mechanism of neutralization of influenza virus infectivity by antibodies.

Virology, 302(2):294–298, 2002.

[105] Anton A Komar. A pause for thought along the co-translational folding pathway.

Trends in biochemical sciences, 34(1):16–24, 2009.

[106] Sergei L Kosakovsky Pond and Simon DW Frost. Not so different after all: a com-

parison of methods for detecting amino acid sites under selection. Molecular biology

and evolution, 22(5):1208–1222, 2005.

[107] Sergei L Kosakovsky Pond, Art FY Poon, Andrew J Leigh Brown, and Simon DW

Frost. A maximum likelihood method for detecting directional evolution in protein

sequences and its application to influenza a virus. Molecular biology and evolution,

25(9):1809–1824, 2008.

[108] Marilyn Kozak. How do eucaryotic ribosomes select initiation regions in messenger

rna? Cell, 15(4):1109–1123, 1978.

[109] Marilyn Kozak. Point mutations define a sequence flanking the aug initiator codon

that modulates translation by eukaryotic ribosomes. Cell, 44(2):283–292, 1986.

[110] Michael Krasnitz, Arnold J Levine, and Raul Rabadan. Anomalies in the influenza

virus genome database: new biology or laboratory errors? Journal of virology,

82(17):8947–8950, 2008.

[111] JHCM Kreijtz, Rogier Bodewes, Geert van Amerongen, Thijs Kuiken, RAM Fouch-

ier, ADME Osterhaus, and GF Rimmelzwaan. Primary influenza a virus infection

induces cross-protective immunity against a lethal infection with a heterosubtypic

virus strain in mice. Vaccine, 25(4):612–620, 2007.



97

[112] Andi Krumbholz, Anja Philipps, Hartmut Oehring, Katja Schwarzer, Annett Eitner,

Peter Wutzler, and Roland Zell. Current knowledge on pb1-f2 of influenza a viruses.

Medical microbiology and immunology, 200(2):69–75, 2011.

[113] Susann Kummer, Max Flöttmann, Björn Schwanhäusser, Christian Sieben, Michael
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Figure 1: Phylogenetic trees for human and swine influenza virus M1 and NP.
Shown are maximum clade credibility trees for NP and M1. The swine influenza virus
lineage is in blue, and the human influenza virus lineage is in red. The dark blue and red
lines represent the trunk. The dotted black lines indicate that human and swine influenza
virus lineages share a recent common ancestor (estimated times to the most recent com-
mon ancestor are 13 and 6 years for M1 and NP, respectively).
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Figure 2: Distribution of CD8 T-cell epitopes in M1 and NP.
The numbers of unique experimentally identified CD8+ T-cell epitopes to which each site
contributes for M1 and NP are shown.
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Figure 3: Conventional dN/dS tests do not detect positive selection in T-cell epi-
topes.
State-of-the-art methods for detecting positive selection fail to find any enrichment in sites
with a dN/dS ratio of >1 at epitopes. (A) and (B) Percentages of sites estimated to have
a dN/dS ratio of >1 by using the hierarchical Bayesian approach implemented in FUBAR
(A) and the maximum likelihood approach implemented in FEL (B). (C) Percentages of
sites for which FUBAR reports a posterior probability of 0.95 that the dN/dS ratio is >1.
(D) Percentages of sites for which FEL reports a dN/dS ratio of >1 with a P value of 0.05.
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Figure 4: Epitope sites do not evolve faster than nonepitope sites.
The ratios of the average nonsynonymous substitution rate of epitope sites to that of
nonepitope sites are shown. When the substitution rate is computed across the entire
tree, the epitope sites always have a lower substitution rate than the nonepitope sites.
However, along the trunk of the tree for NP from human influenza virus, the substitution
rate in epitopes is slightly higher than the substitution rate at nonepitopes.
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Figure 5: The average substitution changes more NP epitopes in human influenza
than swine influenza virus.
The F statistic is the average number of epitopes altered per substitution. (A) The average
substitution alters a similar number of epitopes in M1 proteins of both human and swine
influenza viruses and for both the entire tree and the trunk alone. However, for NP, the
average substitution alters substantially more epitopes in human than in swine influenza
virus, particularly along the trunk of the tree. (B) The increased rate of epitope-altering
substitutions in NP along the trunk of human versus swine influenza virus is statistically
significant. The violin plots show the null distribution of the ratio of F for human influenza
virus to that for swine influenza virus, with the median shown by the red lines and the
actual value shown by red circles. The P values (fraction of the null distribution that is
greater than or equal to the actual value) are 0.49 for the M1 trunk, 0.65 for the M1 tree,
0.0002 for the NP trunk, and 0.098 for the NP tree.



FIGURES 120

Figure 6: Epitope-altering substitutions in human influenza virus NP are enriched
on the trunk of the tree.
Epitope-altering substitutions in human influenza virus NP are enriched on the trunk of the
tree. Ratios of the average number of epitopes altered per substitution (F) for the trunk to
that for the entire tree are shown. The violin plots show the actual values versus the null
distributions, as described in the legend of Figure 5B. There is no difference between the
trunk and the entire tree for M1 (P values are 0.59 for M1 of human influenza virus and
0.57 for M1 of swine influenza virus). However, for NP, epitope-altering substitutions are
significantly enriched on the trunk of the human influenza virus tree relative to the rest of
the tree (P = 0.003) and significantly depleted on the trunk of the swine influenza virus
lineage (P = 0.01 for depletion) relative to the rest of the tree.
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Figure 7: Evolutionary selection against CTG codons in mammalian influenza. (A)
Number of CUG (upper panel) and CUH (where H is A, U or C, lower panel) codons in
reading frame 0 of viral genes from human, avian, and swine influenza sequences. X-axis
indicates the year that the viral sequence was isolated. (B) Number of in-frame CUGG
(upper panel) and CUGH (lower panel) motifs in reading frame 0 of the viral genes. (C)
Average length in codons of CUG- and CUH-initiated ORFs in reading frames 1 and 2 of
the viral genes for sequences isolated between 1970 and 2011. All plots show data only
for the genes on the PB2, PA, NP, NS and M segments, since these are the segments that
have not re-assorted in human lineages derived from the 1918 virus.
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Figure 8: Translation initiation profiling of influenza infected cells. (A) Schematic of
assays performed on A549 cells. Infections contained a mixture of viruses with their NP
gene recoded to have low and high numbers of CUG codons (see Fig. 16). (B) Pro-
portion of reads that align to viral and human transcripts for RNA-seq (mRNA), ribosome
profiling (Ribo-seq), or Ribo-seq with LTM treatment. (C) Length distribution of reads that
aligned to viral and human transcripts for Ribo-seq and Ribo-seq + LTM samples. (D)
Metagene alignment of average P-site density around annotated start codons in viral and
human transcripts for Ribo-seq + LTM sample. (E) Metagene alignment of average P-site
density around annotated start and stop codons in viral and human transcripts for Ribo-
seq samples. (F) Normalized P-site density in each of the reading frames of viral and
human transcripts for RNA-seq (gray) and Ribo-seq (orange) samples. Both single- and
known dual-coded regions in influenza transcripts were considered. (G) Normalized P-
site density in each of the reading frames of single- and dual-coded regions of M, NS, and
PB1 segments of the influenza genome for RNA-seq and Ribo-seq samples. Panels C–G
show the +vir sample; see Fig. 17 for comparable plots for other samples. Only reads
mapping to + sense of influenza transcripts are considered for panels B–G.
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Figure 9: Candidate translation initiation sites on influenza transcripts. (A) Method
for identifying candidate translation initiation sites (TIS) in influenza. Left panel: LTM-
specific outliers were identified over the background of Ribo-seq and Ribo-seq + LTM
pooled counts at each site of each influenza transcript. Right-panel: Among LTM-specific
outliers, only the highest LTM peak in P-site counts within each 30 nucleotide window was
called as start site. The background Ribo-seq and Ribo-seq + LTM counts were fit to sep-
arate zero-truncated negative binomial distributions (lines in left panel). The final called
TIS are indicated by grey triangles and arrows. The left panel shows the NA segment
of our +vir sample and the right panel a window around the NA43 TIS. See Fig. 19 for
other influenza segments. (B) Overlap in candidate TIS between the +vir and +ifn +vir
samples. (C) Consensus motif of annotated translation initiation sites (aTIS, upper panel)
and downstream translation initiation sites (dTIS, lower panel). (D) P-site counts from
Ribo-seq and Ribo-seq + LTM assays are shown for all 8 influenza genome segments for
our +vir sample. The counts from the two assays are shown as stacked bar graphs for
ease of comparison. The candidate annotated TIS (circle) and downstream TIS (triangle)
are indicated below the coverage plots. The known alternate initiation site PB1-F2 is high-
lighted with arrow. (E) Number of called annotated and downstream TIS. (F) Distribution
of codon identity for candidate influenza TIS (top) and for all codons in influenza genome
(bottom). Other indicates all non-AUG codons. (G) Distribution of AUG codons along
transcripts for candidate influenza TIS (top) and for all AUG codons (bottom). The codon
locations were binned into three fragments of equal length for each influenza CDS. (H)
Distribution among reading frames for candidate downstream TIS (top) and for all AUG
codons in the influenza genome (bottom). (I) Length of peptides initiated by called out-of-
frame TIS (top) and all out-of-frame AUG codons in the influenza genome (bottom). Only
the candidate TIS shared between the +vir and +ifn +vir samples were used for panels
C–I.
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Figure 10: (A) Coverage of Ribo-seq + LTM, Ribo-seq, and RNA-seq reads that can be
uniquely aligned to either the high CUG NP variant or the low CUG NP variant, along
with reads that cannot be uniquely assigned. P-site counts are shown for Ribo-seq and
Ribo-seq + LTM assays. 5’-end counts are shown for RNA-Seq. Data are plotted as a
stacked bar graph. Locations of the 20 CUG codons that are present in high CUG NP
and synonymously mutated in low CUG NP are indicated by arrows. (B) The ratio of high
CUG NP to low CUG NP coverage from panel A is plotted against their sum along the
horizontal axis. (C) The green-highlighted region in panel A around the CUG322 codon
is shown at greater horizontal magnification. Data shown for +vir sample. See Fig. 25 for
+ifn +vir sample.
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Figure 11: Characterization of the NA43 protein generated by alternate translation
initiation in the NA gene. (A) P-site counts from Ribo-seq and Ribo-seq + LTM assays
are shown as stacked bar graphs for the 5′ end of the mRNA for our +vir sample. The
candidate annotated TIS (circle) at coding nucleotide position 1 and the downstream TIS
(triangle) at coding nucleotide position 43 are indicated below the coverage plots. (B)
Schematic of NA’s primary sequence. NA’s cytoplasmic tail (CT) spans amino acids 1-6,
the transmembrane domain (TMD) spans amino acids 7-35, and the ectodomain spans
amino acids 36 to 453. The inset shows the AUG43 codon (in red) and surrounding
sequence. (C) Most NAs in major lineages of N1 influenza have either an AUG or a near-
cognate start codon at nucleotide 43. (D) Quantification of NA cell-surface protein levels
and enzymatic activity in 293T cells transfected with plasmids encoding NA variants with
mutations at the canonical or downstream start site. Results are shown for NA from the
WSN and CA09 viral strains. Measurements are normalized relative to the mean for wild-
type, and black lines indicate the mean of three measurements for all variants except for
WSN 1wt43GUA, which only had two measurements. ND indicates that the value was below
the limit of detection. (E) Schematic of coding region of NA-H2B-V5 constructs used for
Western blots. Blot of 293T cells transfected with NA-H2B-V5 constructs with mutations
at the canonical or downstream start site. “43 start” is a size control construct that begins
at site 43 of NA. Top panel: anti-V5 (blue arrow corresponds to full length NA and orange
arrow corresponds to NA43); bottom panel: anti-GAPDH. (F) Viral titers in the supernatant
at 48 and 72 hours post-transfection during reverse-genetics generation of WSN viruses
carrying NA with the indicated mutations. Three independent replicates for each mutant
are shown in gray, and the median is shown in black. Undetectable titers are plotted at the
assay’s limit of detection of 0.1 TCID50 / µl. (G) In vitro competition of wildtype virus ver-
sus virus carrying the indicated NA mutation to ablate the initiation codon at site 43. We
mixed wildtype virus and mutant virus at a target ratio of 1:1 infectious particles, infected
cells, and collected viral RNA at 10 hours and 72 hours post-infection to determine variant
frequencies by deep sequencing. Shown is the enrichment of wildtype to mutant for the
72 hour timepoint relative to the 10 hour timepoint. The black bar indicates the mean of
the three biological replicates. There was no consistent enrichment of the wildtype virus
relative to the mutant lacking NA43. (H) Similar competition experiments performed in
vivo in mice. We collected samples at 96 hours post-infection to determine viral frequen-
cies. Shown is the enrichment of wildtype to mutant after 96 hours of viral growth in mice
relative to the 10 hour cell culture timepoint. The black bar indicates the mean of the
three biological replicates. We performed a paired t-test with the resulting P -values: 0.09
(1wt43GUA), 0.11 (1wt43UUA).
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Figure 12: (A) Number of different TIS types—aTIS, dTIS and uTIS—called using our start
site calling method (upper panel) or in the TISdb database [215] (lower panel). See main
text for description of our calling method. (B) Proportion of different near-cognate AUG
codons (or other codons) at the called TIS in each of the four samples in our study. N at
the top of each bar indicates the total number of TIS called in each sample. (C) Overlap
among TIS called in each of the 4 samples. Vertical axis indicates the number of TIS that
are called in a given number of samples as indicated along the horizontal axis. (D) Pro-
portion of each TIS type that are called in all 4 samples (designated as high-confidence
TIS). (E) Proportion of different near-cognate AUG codons (or other codons) among the
high-confidence TIS, stratified by TIS type. N at the top of each bar indicates the to-
tal number of high-confidence TIS of each type. (F) Number of genes that are induced
greater than 2-fold (average of RNA-Seq and Ribo-seq counts, median-normalized) upon
+ifn, +ifn +vir, or +vir treatment with respect to the control untreated sample. (G) Pro-
portion of different near-cognate AUG codons (or other codons) among induced genes
shown in F. The set of all TIS called in at least one of the four samples in B is shown as a
control. N at the top of each bar indicates the total number of TIS that are called in each
gene set. (H) Proportion of different TIS types among induced genes shown in F. The set
of all TIS called in at least one of the four samples in B is shown as a control. N at the top
of each bar indicates the total number of TIS that are called in each gene set.
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Figure 13: Evolution of amino acids in influenza. The number of LEU, VAL, ILE codons
in reading frames 0 of the influenza genome over time in human, avian, and swine lin-
eages. There is no systematic trend for enrichment or depletion of any of the amino
acids.
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Figure 14: (A) Evolution of the CUG odds ratio ( CUG
C×U×G ) in reading frames 0, 1, and 2 over

time in human, avian, and swine lineages. The selection against CUG in reading frame
0 exists even when we use the odds ratio to correct for nucleotide usage. (B) Evolution
of the number of CUG codons in reading frames 0, 1 and 2 of the influenza genome over
time in human, avian, and swine lineages.
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Figure 15: Consensus motif for CUG translation initiation sites. The consensus motif
for CUG TIS was culled from the Ingolia ribosome profiling dataset [94].The most promi-
nent feature of the consensus is a G at the +4 position.
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Figure 16: Summary of recoding influenza NP to generate low and high CUG NP.
(A) Low CUG NP was generated by depleting wild-type PR8 NP of the common alternate
start codons AUG, CUG, and GUG in all reading frames under constraints explained in
Methods. High CUG NP was generated by adding 20 CUG codons into the low CUG
NP background. All changes were synonymous with respect to reading frame 0. (B)
Summary of the differences between wild-type PR8 NP (first number) and low CUG NP
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Figure 17: Summary of quality control steps for Ribo-seq data. (A) Number of in-
put, trimmed, rRNA-aligned, and human/influenza transcript-aligned reads for assays and
samples shown in Fig. 8. Number of reads aligning to + and – strands of influenza genome
are shown separately. (B) Length distribution of viral (+ strand only) and human transcript
aligned reads for Ribo-seq and Ribo-seq + LTM samples. (C) Metagene alignment of
average P-site density around annotated start codons in viral and human transcripts for
Ribo-seq + LTM and Ribo-seq samples. Right panels show the same for annotated stop
codons for Ribo-seq samples. (D) Length distribution of viral (- strand only) genome
aligned reads for Ribo-seq and Ribo-seq + LTM samples. (E) Metagene P-site density
showing 3 nucleotide periodicity in a representative region of human transcripts for Ribo-
seq samples. (F) Normalized P-site density in each of the reading frames of viral and
human transcripts for RNA-seq and Ribo-seq samples. (G) Normalized P-site density in
each of the reading frames of single- and dual-coded regions of M, NS, and PB1 segments
of the influenza genome for RNA-seq and Ribo-seq samples for the +ifn +vir sample.
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Figure 18: Read coverage of influenza polymerase segments reflects defective viral
particles. (A) Distribution of RNA-seq and Ribo-seq read density along the polymerase
segments of influenza. Raw data from [13]. (B) Distribution of RNA-seq read density along
the polymerase segments of influenza in our data. See Fig. 9 for corresponding Ribo-seq
density distribution. Defective viral particles are often characterized by the accumulation
of large internal deletions in the polymerase segments. The large drop in coverage in
panel A is consistent with the virus used in [13] containing a high burden of defective viral
particles.
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Figure 19: Background distribution fits for each influenza genome segment. The
background Ribo-seq and Ribo-seq + LTM counts for each influenza genome segment
were fit to separate zero-truncated negative binomial distributions (shown as lines). The
final called TIS are indicated by grey triangles.
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sample codon segment frame peptide
length (aa)

distance to
aTIS (nt)

ribo pval LTM pval called in

+ifn+vir AUG HA 0 565 0 2e-01 1e-14 both
+vir AUG HA 0 565 0 8e-02 0e+00 both
+ifn+vir AUG M 1 16 88 4e-01 8e-06 both
+vir AUG M 1 16 88 6e-01 7e-06 both
+ifn+vir AUG M 0 252 0 8e-14 0e+00 both
+vir AUG M 0 252 0 3e-14 0e+00 both
+ifn+vir AUG NA 2 2 95 1e-03 9e-09 both
+vir AUG NA 2 2 95 5e-05 0e+00 both
+ifn+vir AUG NA 0 453 0 5e-02 4e-15 both
+vir AUG NA 0 453 0 5e-02 0e+00 both
+ifn+vir AUG NA 0 439 42 1e-03 1e-10 both
+vir AUG NA 0 439 42 1e-04 0e+00 both
+ifn+vir AUG NP 0 498 0 3e-01 0e+00 both
+vir AUG NP 0 498 0 2e-01 0e+00 both
+ifn+vir AUG NP 0 362 408 7e-02 3e-14 both
+vir AUG NP 0 362 408 7e-02 3e-07 both
+ifn+vir AUG NS 0 230 0 1e-01 0e+00 both
+vir AUG NS 0 230 0 7e-02 0e+00 both
+ifn+vir AUG PA 0 716 0 3e-01 2e-08 both
+vir AUG PA 0 716 0 2e-01 2e-13 both
+ifn+vir AUG PA 0 631 255 1e-02 1e-08 both
+vir AUG PA 0 631 255 3e-03 3e-07 both
+ifn+vir AUG PB1 1 87 94 1e-01 2e-11 both
+vir AUG PB1 1 87 94 6e-02 0e+00 both
+ifn+vir AUG PB1 0 757 0 3e-01 2e-07 both
+vir AUG PB1 0 757 0 3e-01 2e-14 both
+vir AUG PA 1 1 1156 2e-01 1e-04 +vir
+vir AUG PB2 0 759 0 6e-01 2e-04 +vir
+ifn+vir AUG HA 2 7 800 2e-01 2e-06 +ifn+vir
+ifn+vir AUG M 0 5 741 5e-04 4e-08 +ifn+vir
+ifn+vir AUG NS 0 150 240 4e-01 3e-04 +ifn+vir
+ifn+vir AUG PA 2 17 113 4e-01 2e-04 +ifn+vir
+ifn+vir other NP n.a. n.a. n.a. 9e-03 7e-06 both
+vir other NP n.a. n.a. n.a. 5e-03 3e-06 both
+vir other HA n.a. n.a. n.a. 5e-02 4e-05 +vir
+vir other M n.a. n.a. n.a. 2e-01 1e-04 +vir
+vir other PA n.a. n.a. n.a. 4e-01 1e-04 +vir
+vir other PB1 n.a. n.a. n.a. 4e-02 1e-05 +vir
+vir other PB2 n.a. n.a. n.a. 2e-01 6e-05 +vir

Figure 20: List of candidate start sites in the influenza genome.
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Figure 21: P-site counts from Ribo-seq and Ribo-seq + LTM assays are shown for all 8
influenza genome segments for our +ifn +vir sample. The counts from the two assays
are shown as stacked bar graphs for ease of comparison. The candidate annotated TIS
(circle) and downstream TIS (triangle) shared between the +vir and +ifn +vir samples are
indicated below the coverage plots.
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Figure 22: Peaks in Harringtonine-treated influenza samples from [13] The P-site
count coverage from [13] is overlaid with the 14 putative TIS identified in both of our +vir
and +ifn +vir samples. Only the first 600nt of all coding sequences which contains the
putative TIS is shown.
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Figure 23: Ribo-seq alignment length for position 322 of high CUG NP. Distribution
of alignment lengths for all NP reads and those with reads with P-site at position 322 of
high CUG NP.
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Figure 25: Translation initiation at CUG codons in influenza nucleoprotein in +ifn
+vir sample. (A) Coverage of Ribo-seq + LTM, Ribo-seq, and RNA-seq reads that can
be uniquely aligned to either the high CUG NP variant or the low CUG NP variant, and
remaining non-unique reads. P-site counts are shown for Ribo-seq and Ribo-seq + LTM
assays. 5end counts are shown for RNA-Seq. Data are plotted as a stacked bar graph.
Locations of the 20 CUG codons that are present in high CUG NP and synonymously
mutated in low CUG NP are indicated by arrows. (B) The ratio of high CUG NP to low
CUG NP coverage from A is plotted against their sum along the horizontal axis. There
were no RNA-seq reads with counts at 322, so this point is not highlighted. (C) The
green-highlighted region in A around the CUG322 codon is shown at greater horizontal
magnification. See Fig. 10 for +vir sample.
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Figure 26: Western blot to examine possible initiation at site 322 of high CUG NP.
Western blot of 293T cells transfected with the indicated NP protein expression constructs.
“322 start WT NP” is a size control construct that begins at nucleotide 322 of WT PR8 NP.
Top panel: anti-Flag; bottom panel: anti-H3. Blue arrow corresponds to full length NP
and orange arrow corresponds to expected size of NP fragment due to initiation at nu-
cleotide 322. The blot was overexposed to sensitively detect truncated peptides, leading
to saturation of the the full length NP band (shown in cyan).
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Figure 27: Western blot with additional constructs to examine initiation at NA43. (A)
and (B) Western blot of 293T cells transfected with NA-H2B-V5 constructs with mutations
at the canonical or downstream start site. “43 start” is a size control construct that begins
at site 43 of NA. 1GTA28GTT43GTA construct has a possible TIS (ATT codon) at position 28
mutated to GTT. 1GTA35fs43GTA construct has a T inserted at coding nucleotide 35, such
that any initiation 5’ to the insert should not be detectable with the V5 antibody. Top panel:
anti-V5 (blue arrow corresponds to full length NA and orange arrow corresponds to NA43);
bottom panel: anti-H3.
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Figure 28: (A) Proportion of different near-cognate AUG codons (or other codons) over-
lapping with the called TIS in each of the two samples in [121]. N at the top of each bar
indicates the total number of TIS called in each sample. (B) Overlap in high-confidence
TIS between this study and Lee et al. [121]. High confidence TIS are the subset of TIS that
are called across all samples in each study (2 in [121] and 4 in this study). (C) Compari-
son of Ribo-seq counts between samples in this study and from Lee 2012 [121]. Protein
coding genes with at least 100 counts in one of the samples are plotted. (D) Proportion
of different near-cognate AUG codons (or other codons) among the high-confidence TIS
called in [121], stratified by TIS type. N at the top of each bar indicates the total number
of high-confidence TIS of each type. (E) Proportion of different TIS types in each of the
four samples used in this study. N at the top of each bar indicates the total number of
TIS called in each sample. TIS not assigned to AUG or near-cognate AUG were excluded
from this plot. (F) Overlap among the genes that are induced >2-fold upon either +ifn
or +ifn +vir treatment with respect to the untreated sample. See Fig. 12 for definition of
induced genes.
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TABLES 148

Table 1: Trunk substitutions for the small subset of NP epitopes where specific escape substitutions
have been experimentally validated

Position
in NP Experimental evidence (reference)

No. of trunk substitutions for human
influenza virus (substitution[s] and yr
of isolation)

103 K103R escapes recognition by a HLA-B*1503-
restricted T cell [15] 2 (K103R in 1981, R103K in 1997)

259 S259L escapes recognition by a HLA-B*4002-
restricted T cell [15] 2 (L259S in 1972, S259L in 1990)

384 R384G abrogates MHC binding in HLA-B*2705 [213] 1 (R384G in 1990)

421 D421E escapes recognition by an HLA-B*3501-
restricted T cell [22] 1 (D421E in 1977)

425 I425V escapes recognition by an HLA-B*3501-
restricted T cell [22] 2 (I425V in 1975, V425I in 1999)
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